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Abstract 
 
Climate change is expected to be one of the biggest global health threats in the 21st 
century. In response to changes in climate and associated extreme events, public health 
adaptation has become imperative. This thesis examined several key issues in this 
emerging research field. 
 
The thesis aimed to identify the climate-health (particularly temperature-health) 
relationships, then develop quantitative models that can be used to project future health 
impacts of climate change, and therefore help formulate adaptation strategies for dealing 
with climate-related health risks and reducing vulnerability. The research questions 
addressed by this thesis were: (1) What are the barriers to public health adaptation to 
climate change? What are the research priorities in this emerging field? (2) What models 
and frameworks can be used to project future temperature-related mortality under 
different climate change scenarios? (3) What is the actual burden of temperature-related 
mortality? What are the impacts of climate change on future burden of disease? and (4) 
Can we develop public health adaptation strategies to manage the health effects of 
temperature in response to climate change? 
 
Using a literature review, I discussed how public health organisations should implement 
and manage the process of planned adaptation. This review showed that public health 
adaptation can operate at two levels: building adaptive capacity and implementing 
adaptation actions. However, there are constraints and barriers to adaptation arising from 
uncertainty, cost, technologic limits, institutional arrangements, deficits of social capital, 
and individual perception of risks. The opportunities for planning and implementing 
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public health adaptation are reliant on effective strategies to overcome likely barriers. I 
proposed that high priorities should be given to multidisciplinary research on the 
assessment of potential health effects of climate change, projections of future health 
impacts under different climate and socio-economic scenarios, identification of health co-
benefits of climate change policies, and evaluation of cost-effective public health 
adaptation options. 
 
Heat-related mortality is the most direct and highly-significant potential climate change 
impact on human health. I thus conducted a systematic review of research and methods 
for projecting future heat-related mortality under different climate change scenarios. The 
review showed that climate change is likely to result in a substantial increase in heat-
related mortality. Projecting heat-related mortality requires understanding of historical 
temperature-mortality relationships, and consideration of future changes in climate, 
population and acclimatisation. Further research is needed to provide a stronger 
theoretical framework for mortality projections, including a better understanding of socio-
economic development, adaptation strategies, land-use patterns, air pollution and 
mortality displacement. 
 
Most previous studies were designed to examine temperature-related excess deaths or 
mortality risks. However, if most temperature-related deaths occur in the very elderly 
who had only a short life expectancy, then the burden of temperature on mortality would 
have less public health importance. To guide policy decisions and resource allocation, it 
is desirable to know the actual burden of temperature-related mortality. To achieve this, I 
used years of life lost to provide a new measure of health effects of temperature. I 
conducted a time-series analysis to estimate years of life lost associated with changes in 
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season and temperature in Brisbane, Australia. I also projected the future temperature-
related years of life lost attributable to climate change. This study showed that the 
association between temperature and years of life lost was U-shaped, with increased years 
of life lost on cold and hot days. The temperature-related years of life lost will worsen 
greatly if future climate change goes beyond a 2 °C increase and without any adaptation 
to higher temperatures. 
 
The excess mortality during prolonged extreme temperatures is often greater than the 
predicted using smoothed temperature-mortality association. This is because sustained 
period of extreme temperatures produce an extra effect beyond that predicted by daily 
temperatures. To better estimate the burden of extreme temperatures, I estimated their 
effects on years of life lost due to cardiovascular disease using data from Brisbane, 
Australia. The results showed that the association between daily mean temperature and 
years of life lost due to cardiovascular disease was U-shaped, with the lowest years of life 
lost at 24 °C (the 75th percentile of daily mean temperature in Brisbane), rising 
progressively as temperatures become hotter or colder. There were significant added 
effects of heat waves, but no added effects of cold spells. 
 
Finally, public health adaptation to hot weather is necessary and pressing. I discussed 
how to manage the health effects of temperature, especially with the context of climate 
change. Strategies to minimise the health effects of high temperatures and climate change 
can fall into two categories: reducing the heat exposure and managing the health effects 
of high temperatures. However, policy decisions need information on specific 
adaptations, together with their expected costs and benefits. Therefore, more research is 
needed to evaluate cost-effective adaptation options. 
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In summary, this thesis adds to the large body of literature on the impacts of temperature 
and climate change on human health. It improves our understanding of the temperature-
health relationship, and how this relationship will change as temperatures increase. 
Although the research is limited to one city, which restricts the generalisability of the 
findings, the methods and approaches developed in this thesis will be useful to other 
researchers studying temperature-health relationships and climate change impacts. The 
results may be helpful for decision-makers who develop public health adaptation 
strategies to minimise the health effects of extreme temperatures and climate change. 
 
 
 The health effects of temperature: current estimates, future projections, and adaptation strategies vii 
Table of Contents 
 
Keywords ................................................................................................................................................ i 
Abstract ................................................................................................................................................. iii 
Table of Contents ................................................................................................................................. vii 
List of Figures ..................................................................................................................................... viii 
List of Tables ......................................................................................................................................... ix 
List of Abbreviations .............................................................................................................................. x 
Statement of Original Authorship .......................................................................................................... xi 
Acknowledgements .............................................................................................................................. xii 
CHAPTER 1: INTRODUCTION ....................................................................................................... 1 
CHAPTER 2: REVIEW PAPER ONE ............................................................................................ 17 
Constraints and Barriers to Public Health Adaptation to Climate Change ................................ 17 
CHAPTER 3: REVIEW PAPER TWO ........................................................................................... 49 
Projecting Future Heat-related Mortality under Climate Change Scenarios ............................. 49 
CHAPTER 4: RESULTS PAPER ONE ........................................................................................... 93 
The Impact of Temperature on Years of Life Lost in Brisbane, Australia ................................ 93 
Supplementary Material for Chapter 4 .................................................................................... 113 
CHAPTER 5: RESULTS PAPER TWO ....................................................................................... 135 
Effects of Extreme Temperatures on Years of Life Lost for Cardiovascular Deaths .............. 135 
Supplementary Material for Chapter 5 .................................................................................... 159 
CHAPTER 6: DISCUSSION .......................................................................................................... 175 
CHAPTER 7: CONCLUSIONS ..................................................................................................... 211 
APPENDICES .................................................................................................................................. 219 
Appendix A Conferences ........................................................................................................ 219 
Appendix B Publications ......................................................................................................... 221 
 
 viii The health effects of temperature: current estimates, future projections, and adaptation strategies 
List of Figures 
 
Figure 1-1. Conceptual framework for the thesis ........................................................8 
Figure 3-1. Time period used by studies of climate change and projected mortality, 
ordered by date of publication ......................................................................69 
Figure 4-1. The effects of season on mortality risk and years of life lost in 
Brisbane, Australia, 1996–2004 ...................................................................99 
Figure 4-2. The effects of temperature on mortality risk and years of life lost in 
Brisbane, Australia, 1996–2004 .................................................................100 
Figure 4-3. The delayed effects of temperature on mortality risk and years of life 
lost by lag at 13 °C .....................................................................................101 
Figure 4-4. The delayed effects of temperature on mortality risk and years of life 
lost by lag at 27 °C .....................................................................................102 
Figure 5-1. The effects of temperature on years of life lost due to CVD in Brisbane, 
Australia between 1996 and 2004 (solid line) with 95% confidence 
intervals (gray area). ...................................................................................145 
Figure 5-2.  The delayed effects of temperature on years of life lost due to CVD in 
Brisbane, Australia by lag (solid line) with 95% confidence intervals (gray 
area). ...........................................................................................................146 
 
 
 The health effects of temperature: current estimates, future projections, and adaptation strategies ix 
List of Tables 
 
Table 3-1. Characteristics of studies on projecting heat-related mortality under 
climate change scenarios ..............................................................................55 
Table 3-2. Methodological issues of studies on projecting heat-related mortality 
under climate change scenarios ....................................................................62 
Table 4-1. Baseline and projected annual temperature-related years of life lost in 
Brisbane, Australia .....................................................................................104 
Table 5-1. Summary statistics for daily deaths and years of life lost in Brisbane, 
Australia between 1996 and 2004 ...............................................................144 
Table 5-2. Years of life lost due to the added effect of heat waves and cold spells in 
Brisbane, Australia between 1996 and 2004 ..............................................147 
Table 6-1. Research questions addressed by the thesis ............................................179 
Table 6-2. Monetary estimates of the annual health costs due to climate change‘s 
effects on ambient temperatue in Brisbane, Australia ................................198 
 
 
 x The health effects of temperature: current estimates, future projections, and adaptation strategies 
List of Abbreviations 
 
AIC Akaike information criterion 
AUD Australian dollar 
CI Confidence interval 
CVD Cardiovascular disease 
DALY Disability-adjusted life year 
DLNM Distributed lag non-linear model 
GCM General circulation model 
GHG Greenhouse gas 
GIS Geographic information system 
HHWS Heat-health warning system 
ICD International Classification of Disease 
IPCC Intergovernmental Panel on Climate Change 
NO2 Nitrogen dioxide 
O3 Ozone 
PM10 Particulate matter less than 10 μm in aerodynamic diameter 
ppb Parts per billion 
QALY Qality-adjusted life year 
RCM Regional climate model 
SD Standard deviation 
SRES Special Report on Emission Scenarios 
UHI Urban heat island 
YLL Years of life lost 
WHO World Health Organization 
 
 
 The health effects of temperature: current estimates, future projections, and adaptation strategies xi 
Statement of Original Authorship 
 
The work contained in this thesis has not been previously submitted to meet 
requirements for an award at this or any other higher education institution. To the best of 
my knowledge and belief, the thesis contains no material previously published or written 
by another person except where due reference is made. 
 
 
                         
Signature: _________________________ 
 
 
                                     
Date:  _________________________ 
 
 
 
QUT Verified Signature
 xii The health effects of temperature: current estimates, future projections, and adaptation strategies 
Acknowledgements 
 
I am grateful to many people who contributed in various ways to the completion 
of this thesis. First and foremost, I would like to thank my dedicated supervisory team, 
Prof. Shilu Tong, A/Prof. Adrian Barnett, and Dr. Xiaoming Wang. 
I owe a great deal of gratitude to Shilu, my Principal Supervisor, for his support 
throughout my PhD journey. He provided me with an opportunity to do my PhD at QUT, 
and encouraged me to pursue a research topic in an increasingly important area. He has 
always set aside time to meet with me despite his busy schedule. He has read many drafts 
of my thesis and provided helpful comments on my work. His mentorship and guidance 
have truly helped me along over the past three years, and I am very grateful to have had 
the opportunity to learn from his knowledge and experience. 
I am heavily indebted to Adrian, my Associate Supervisor, who provided 
invaluable contributions to my research. He was exceptionally generous with his time and 
resources, and I am very grateful to his patient guidance, constant input and insightful 
comments. 
I am heartily grateful to Xiaoming, my External Supervisor at CSIRO, for his 
advice, time and friendship. He has provided me with useful suggestions and assisted me 
with key components of my thesis. 
I am sincerely thankful to Dr. Pavla Vaneckova, Prof. Gerry FitzGerald, and Dr. 
Qingshan Geng for their contributions in the early stages of my research. Their immense 
support for me was a great source of encouragement, for which I am really grateful. 
I would also like to acknowledge the generous financial support for the 
completion of my PhD program, including a QUT Postgraduate Research Award and a 
CSIRO Top-Up Scholarship from the Climate Adaptation Flagship Collaboration Fund. 
 The health effects of temperature: current estimates, future projections, and adaptation strategies xiii 
Special thanks to Prof. Michele Clark, Director of Research Training, Research 
Services Staff (Kristy Bensley, Dr. Jessica Harriden, Mayuko Bock, and Nikki Kilkeary), 
Language Adviser (Dr. Martin Reese), and my dear colleagues and friends (especially 
Xiaoyu Wang, Linping Chen, Dr. Gang Xie, Yan Zhang, Dr. Weiwei Yu, Yan Bi, 
Xiaofang Ye, Dr. Yuming Guo, Xin Qi, Jiajia Wang, Shuang Zhong, Zhiwei Xu, Dr. Lyle 
Turner, Dr. Sam Toloo, Dr. Suchithra Naish, Shahera Banu, Linn Strand, and Katarzyna 
Alderman) who went through the journey together with me, and were always there to 
provide support and encouragement. They have made this experience a memorable one. 
But no intellectual pursuit or academic achievement would be meaningful to me 
without the love of my family. My deepest expression of appreciation is to them for their 
support, patience, and unswerving belief in my ability to complete this degree. 
 
 
  
 Chapter 1: Introduction 1 
Chapter 1: Introduction 
 
1.1 Background 
 
1.1.1 The Earth’s climate is changing 
 
There is now a strong scientific consensus that climate change is happening, and that it is 
largely attributable to human emissions of greenhouse gases (GHG) (IPCC 2007d). The 
Intergovernmental Panel on Climate Change (IPCC) has concluded that, ―warming of the 
climate system is unequivocal, as is now evident from observations of increases in global 
average air and ocean temperatures, widespread melting of snow and ice and rising global 
average sea level‖ (IPCC 2007d). In the last 100 years, global average temperatures have 
risen approximately 0.75 °C and sea levels have risen over 4 centimetres (IPCC 2007c). 
 
Climate change is likely to be further exacerbated by increasing GHG emissions (Rogelj 
et al. 2011). There is much evidence that with current climate change mitigation policies 
and related sustainable development practices, global GHG emissions will continue to 
grow (IPCC 2007c). Timely mitigation requires concerted action nationally and 
internationally, but may be impeded by a lack of political commitment and technical 
limits (IPCC 2007b; Stern 2007). Even if GHG emissions are drastically reduced, climate 
change will still continue into the next few decades at least due to the time scales 
associated with climate processes and feedbacks (IPCC 2007a). Continued GHG 
emissions at or above current rates will cause further warming and induce many changes 
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in the global climate systems during the 21st century that would very likely be larger than 
those observed during the 20th century (IPCC 2007c). To predict future temperature 
increases, the IPCC has synthesised the results of 23 atmosphere-ocean general 
circulation models (GCMs) on the basis of six emissions scenarios (IPCC 2007d). They 
reported that the global average temperature could increase between 1.1 and 6.4 °C by 
2100 (with the most likely range being 2 to 4 °C) (IPCC 2007d; Rogelj et al. 2012). This 
would be the warmest period on the Earth for the last 100,000 years (IPCC 2007d). 
 
It may be difficult for many people to grasp the importance of seemingly small 
temperature changes, because daily temperatures can vary from one day to the next by 
more than 10 °C. However, there is a large difference between daily temperatures and 
global average temperatures sustained year-on-year. The difference in global average 
temperature between today and the last ice age is approximately 5 °C (IPCC 2007d; May 
2008). The impacts of an increase of 2–4 °C in global average temperature are many and 
serious. It is expected that future heat waves and heavy precipitation events will become 
more intense and frequent in many areas (Coumou and Rahmstorf 2012; Meehl and 
Tebaldi 2004). Research also suggests that whilst climate change may not impact on the 
frequency of tropical cyclones, it could increase their severity (May 2008; Mendelsohn et 
al. 2012; Peduzzi et al. 2012).  
 
As a global average, the temperature increase of 2–4 ºC implies that the rise in certain 
parts of the world will be substantially greater than this. Natural climate variability will 
also inevitably drive temperatures above the 2–4 ºC increase temporarily before such 
increase becomes the global average. A thicker GHG blanket would mean a warmer 
Earth, and such warming implies more power in our climate system. 
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1.1.2 From impact to adaptation 
 
All of us will be affected by climate change, but some people and places will be more 
vulnerable (Hess et al. 2008; Leary et al. 2008b; Mirza 2003; WHO 2008). Vulnerability 
to climate change has been defined by the IPCC as, ―the degree to which a system is 
susceptible to, or unable to cope with, adverse effects of climate change, including 
climate variability and extremes‖ (IPCC 2007a). Vulnerability is comprised of three 
components: exposure, sensitivity, and adaptive capacity. Exposure is the degree to which 
a system is exposed to changed climatic conditions; sensitivity is the degree to which 
systems will respond to a changing climate; and adaptive capacity is the ability of a 
system to manage the impacts of climate change (Adger 2006; Fussel 2007). 
Understanding who is vulnerable and why, can help us to prevent, cope with, and adapt to 
the adverse effects of climate change. 
 
Climate change endangers human health, both globally and domestically (Haines et al. 
2006; Hames and Vardoulakis 2012; McMichael et al. 2012; Patz et al. 2005; WHO 
2008). Therefore, public health adaptation has become an important issue on the climate 
change agenda (Campbell-Lendrum et al. 2007; Ebi and Burton 2008; Hess et al. 2012). 
Actually, climate adaptation is not an entirely new concept to public health (Frumkin et 
al. 2008; McMichael 2012). Because of the importance of the climate in relation to 
human health, there are well-documented historical observations of human adaptation to 
the climate. Throughout human history, people adjusted their behavioural patterns, 
technologies and socio-economic systems to adapt themselves to a range of climatic 
variations, from arctic cold to desert heat (Burton et al. 2006). However, climate change 
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creates new challenges which may be beyond our past experiences. The fast rate of 
warming expected in the next few decades means it is unclear how successful future 
adaptation will be compared to the past. Extreme and unusual weather events could 
become regular features. As a consequence, the current systems, infrastructure, practices 
and strategies that are well-adapted to the present climate will become increasingly 
inappropriate and maladapted (Leary et al. 2008a; McMichael and Lindgren 2011; Menne 
and Ebi 2006). 
 
1.2 Research Aim 
 
This thesis aims to identify the climate-health (particularly temperature-health) 
relationships, then develop quantitative models that can be used to project future health 
impacts of climate change, and therefore help formulate adaptation strategies for dealing 
with climate-related health risks and to reduce vulnerability. 
 
The research questions to be addressed by this thesis are: 
1. What are the barriers to public health adaptation to climate change? What are the 
research priorities in this emerging field? 
2. What models and frameworks can be used to project future temperature-related 
mortality under different climate change scenarios? 
3. What is the actual burden of temperature-related mortality? What are the impacts of 
climate change on future burden of disease? 
4. Can we manage the health effects of temperature? Can we develop public health 
adaptation strategies in response to climate change? 
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1.3 Conceptual Basis for the Thesis 
 
Climate change is expected to be one of the biggest global health threats in the 21st 
century (Costello et al. 2009). Public health adaptation is inevitably required to address 
the adverse health impacts of climate change over the next few decades (WHO 2009b). 
My thesis explores several key issues in this emerging research field, with a particular 
focus on temperature effects associated with climate change. 
 
While public health adaptation is increasingly regarded as an inevitable part of the 
response to climate change, a number of studies show that there are constraints and 
barriers to adaptation (Ebi et al. 2009; O'Neill and Ebi 2009; Wolf et al. 2010). Despite 
significant investment in adaptive capacity and increased attention to adaptation actions, 
extreme weather events continue to result in many deaths and injuries (Handmer et al. 
2010; Mills 2009; WHO 2009a). To date, few studies have evaluated the likely barriers to 
public health adaptation to climate change. Therefore, it is important to better understand 
these barriers in order to improve the planning and implementing of public health 
adaptation strategies and policies. 
 
Heat-related mortality is the most direct and highly-significant potential impact on human 
health due to climate change. Many studies have found associations between temperature 
and mortality, but more research is needed on the impact of climate change on future 
mortality (Campbell-Lendrum and Woodruff 2007; Costello et al. 2009; Ebi and Gamble 
2005). Scenario-based projections have been used as a key approach for policy making 
and planning in the context of uncertain future conditions (Moss et al. 2010; Varum and 
Melo 2010). However, understanding and managing uncertainty and complexity is the 
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greatest challenge for projections, and currently there are no guidelines for scenario-based 
projection research on heat-related mortality. It is therefore important to fill this 
knowledge gap and make recommendations for future research. 
 
Previous studies have investigated the relative mortality risk of temperature, but this risk 
is heavily influenced by deaths among elderly persons (Anderson and Bell 2009; Hajat 
and Kosatsky 2010; McMichael et al. 2008). If most temperature-related deaths occur in 
people with a short life expectancy, then temperature exposure would be less of public 
health concern. Conversely, if many temperature-related deaths are among people with a 
longer life expectancy, then this would increase the current concern, especially in light of 
the impending higher temperatures because of climate change. To guide policy decisions 
and resource allocation, it is desirable to know the actual burden of temperature-related 
mortality, and to understand how the temperature-health relationship will change as 
temperatures increase. 
 
Temperature extremes are hazardous, with a great number of studies reporting increases 
in mortality and morbidity during hot weather. And yet, every heat-related death is 
preventable (Ebi 2012; Luber and McGeehin 2008). Public health responses require a 
portfolio of actions at different levels, including timely public and medical advice, 
improvements to housing and urban planning, early warning systems, and the assurance 
that health care and social systems are ready to act. Thus, it is essential to formulate an 
effective response plan to protect human health from extreme heat events and climate 
change. 
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It is worthwhile noting here that the study designs of this thesis have only assessed the 
short-term effects of temperature. Long-term health effects of living in a warmer climate 
may also be possible, possibly either negative or positive. In addition, growing evidence 
has been emerging that the relationships between temperature and mortality may not be 
stationary. It is clear from previous studies that populations are able to adapt a range of 
climates, with people in hotter climates tolerating much heat than those in colder climates 
(Armstrong et al. 2012). Studies have also shown a general decline in heat-related 
mortality over time, probably due to increased use of air conditioning (Carson et al. 2006; 
Davis et al. 2003; Sheridan et al. 2009). This makes extrapolations and projections 
towards future particularly difficult and also highlights the need for better understanding 
of adaptation and acclimatisation to higher temperatures (Kyselý and Plavcová 2011). 
 
The overall conceptual framework for this thesis is summarised in Figure 1-1. 
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Figure 1-1. Conceptual framework for the thesis 
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1.4 Thesis Outline 
 
This thesis is presented in a publication style. As such, each body chapter is designed to 
stand alone. Chapter 2 provides an overview of the constraints and barriers to public 
health adaptation. It is proposed that the research community should continually collect 
evidence on health effects, through innovative and interdisciplinary research. This will 
improve our understanding of the complex linkages between climate and health. A 
research priority should also be given to projections of future health impacts under 
climate change scenarios, identification of the health co-benefits of mitigation policies, 
and the evaluation of cost-effective public health adaptation options. 
 
Chapter 3 is a systematic review of research and methods for projecting future heat-
related mortality under a changing climate. This review shows that projections of future 
heat-related mortality require an understanding of historical temperature-mortality 
relationships and consideration of future changes in climate, population and 
acclimatisation. Further research is needed to provide a stronger theoretical framework 
for projections, including a better understanding of socio-economic development, 
adaptation strategies, land-use patterns, air pollution and mortality displacement. 
 
Chapter 4 is a time-series analysis of the burden of temperature on premature mortality 
using data from Brisbane, Australia. This study uses a novel measure of the impact of 
temperature on morality––this being the absolute measure of years of life lost. Projections 
are also made to estimate the future temperature-related years of life lost that can be 
attributed to climate change. The study shows that public health adaptation to climate 
change is essential, as the temperature-related years of life lost are expected to worsen 
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greatly if future climate change goes beyond a 2 °C increase without any adaptation to 
higher temperatures. 
 
Chapter 5 is designed to examine the effects of extreme temperatures on years of life lost 
due to cardiovascular disease (CVD). The study also investigates if there are any added 
effects of heat waves and cold spells. The results show that the exposure-response curve 
between temperature and years of life lost due to CVD is U-shaped, with the lowest years 
of life lost at 24 °C (the 75th percentile of daily mean temperature in Brisbane). There is a 
significant added effect of heat waves on years of life lost, but no added effect of cold 
spells. This evidence may shed new light on the future temperature-related disease burden 
under climate change scenarios. 
 
Chapter 6 discusses how to manage the health effects of temperature in response to 
climate change. Public health adaptation strategies that are designed to minimise the 
health effects of high temperatures and climate change can fall into two categories: 
reducing the heat exposure and managing the health effects of high temperatures. 
However, policy decisions involve making trade-offs concerning the use of scarce 
economic resources. Policy makers need information on specific adaptations, together 
with their expected benefits and costs. Therefore, more research is required to evaluate 
cost-effective adaptation options. 
 
Chapter 7 contains the overall thesis conclusions. This chapter summarises the key 
findings of the thesis, and discusses the significances, implications, strengths and 
limitations of the research. Finally, future research directions are proposed. 
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ABSTRACT  
 
Public health adaptation to climate change is an important issue and is inevitably required 
to address the adverse health impacts of climate change over the next few decades. This 
paper provides an overview of the constraints and barriers to public health adaptation and 
explores future research directions in this emerging field. An extensive literature review 
was conducted in 2010 and published literature from 2000 to 2010 was retrieved. This 
review shows that public health adaptation can essentially operate at two levels, namely, 
adaptive capacity building and implementation of adaptation actions. However, there are 
constraints and barriers to public health adaptation arising from uncertainties of future 
climate and socio-economic conditions, as well as financial, technological, institutional, 
social capital and individual cognitive limits. The opportunities for planning and 
implementing public health adaptation are reliant on effective strategies to overcome 
these constraints and barriers. We propose that high research priority should be given to 
multidisciplinary research on the assessment of potential health impacts of climate 
change, projections of health impacts under different climate and socio-economic 
scenarios, identification of health co-benefits of mitigation strategies, and evaluation of 
cost-effective public health adaptation options. 
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2.1 Introduction  
 
There is widespread scientific consensus that the world‘s climate is changing, due to 
greenhouse gas (GHG) emissions caused by human activity (IPCC 2007c). In 1990, 1995, 
2001 and 2007, the Intergovernmental Panel on Climate Change (IPCC) released four 
Assessment Reports, which concluded that warming of the climate system is unequivocal 
(IPCC 2007b). Observational evidence from around the world shows that many systems 
are already being affected by recent climate changes, particularly temperature increases 
(IPCC 2007a). 
 
Climate change also poses a critical challenge to the health sector (Confalonieri et al. 
2007). An increase in the frequency and magnitude of extreme events, along with reduced 
water and food security as well as degrading ecosystems, will have a great impact on 
human health (Costello et al. 2009; Haines et al. 2006; WHO 2008). The health impacts 
of climate change range from direct to indirect effects, such as extra deaths due to 
heatwaves, increases in the transmission of climate-sensitive infectious diseases, and 
mental health problems caused by income loss due to a reduction in agricultural 
productivity associated with floods, droughts and other extremes (Ebi et al. 2006b; Luber 
and McGeehin 2008; McMichael et al. 2006; Patz et al. 2005; Qi et al. 2009; Semenza 
and Menne 2009). 
 
All people will be exposed to the potential impacts of climate change, but some 
populations may be more vulnerable (WHO 2008). The vulnerability depends on the level 
of exposure, population sensitivity and adaptive capacity (Adger 2006; IPCC 2007a). The 
health impacts will depend on the rate and magnitude of changes in climate; they will also 
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depend on social, economic, demographic, infrastructure and other factors that can 
influence the sensitivity of populations to climate change; and on the adaptive capacity to 
manage the health effects of climate change (Ebi et al. 2006a; Haines et al. 2006; Kovats 
and Hajat 2008; Reid et al. 2009; Rey et al. 2009). 
 
Exposure may further be exacerbated by the increasing GHG emissions. Even if rapid and 
sustained reductions in emissions are achieved, climate change is still projected to 
continue (IPCC 2007a). In the future, more frequent and intense extreme events and their 
associated impacts over most areas are expected (IPCC 2007b). There are two main 
elements in climate change response policy: mitigation and adaptation. Mitigation means 
implementing policies to reduce GHG emissions and enhance carbon sinks (IPCC 2007b). 
The health sector can also play an important role in mitigating climate change by 
reducing its own emissions, while at the same time saving money and generating 
significant health, environmental and social co-benefits (World Health Organization & 
Health Care Without Harm 2009). Adaptation refers to ―adjustment in natural or human 
systems in response to actual or expected climatic stimuli or their effects, which 
moderates harm or exploits beneficial opportunities‖ (IPCC 2001). Although mitigation 
endeavours to avoid the unmanageable, adaptation endeavours to manage the unavoidable 
(IPCC 2007a). Therefore, public health adaptation has become an important issue on the 
climate change agenda, and it is required to address the adverse health impacts of climate 
change over the next few decades (Campbell-Lendrum 2005; Campbell-Lendrum et al. 
2007; McMichael et al. 2009; Mills 2009; Tong and Soskolne 2007). 
 
To date, however, few studies have evaluated the constraints and barriers to public health 
adaptation. Based on a review of literature, this paper aims to provide an overview of the 
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constraints and barriers to public health adaptation. It also explores future research needs 
in this emerging field. An extensive literature review was conducted in 2010 using 
electronic databases PubMed, Scopus, ProQuest, ScienceDirect and Web of Science. 
Additionally, relevant websites, such as IPCC and World Health Organization (WHO), 
were also searched. Published literature from 2000 to 2010 was retrieved using a standard 
search strategy based on the key words ―climate change, adaptation, vulnerability, public 
health, constraint and barrier‖.  
 
2.2 Public health adaptation  
 
Generally, public health adaptation is considered as any short- or long-term strategies that 
can reduce adverse health impacts or enhance resilience in response to observed or 
expected changes in climate and associated extremes (Ebi 2009; Ebi and Burton 2008; 
Frumkin et al. 2008; McMichael et al. 2003; Menne and Ebi 2006). Considering the 
likelihood that the frequency, variability and characteristics of climate will change at a 
relatively faster rate, the current public health practices, policies, strategies and 
infrastructure will become increasingly inappropriate and maladapted (Leary et al. 2008; 
McMichael et al. 2003). Thus, public health adaptation to climate change has become 
necessary. 
 
Many adaptations can be taken automatically in a reactive manner. This is known as 
autonomous adaptation (Smit et al. 2000), such as changes in farm practice (IPCC 2007a). 
By contrast, planned adaptation requires conscious intervention (Fankhauser et al. 1999). 
It means that actions are taken by using information on observed and anticipated climate 
change, and by reviewing the suitability of current and planned practices, policies and 
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strategies (Fussel 2007; Smit and Wandel 2006). An example of planned adaptation is the 
development of an early warning system. Overall, the health sector needs to go beyond 
simply reacting to a changing climate. It is important to integrate planned adaptations into 
existing health promotion and protection activities to reduce the health risks posed by 
climate change (Costello et al. 2009; Frumkin et al. 2008; Menne and Ebi 2006). 
 
Public health adaptation can operate at two levels, including building adaptive capacity 
and implementing adaptation actions. Adaptive capacity represents the set of resources 
available for adaptation, as well as the ability to utilize these resources effectively and 
efficiently (Lim et al. 2005; Smit and Wandel 2006). Although all societies have inherent 
abilities to deal with certain changes in climate, adaptive capacities may become 
unequally distributed across countries or within societies (IPCC 2007a; WHO 2008). 
Populations in small islands and developing countries are particularly vulnerable to death 
and injury from increasingly extreme events (Hess et al. 2008; Mertz et al. 2009; Mirza 
2003). People of lowest socio-economic status are often the most vulnerable to climate 
change, as are the elderly (Balbus and Malina 2009; St Louis and Hess 2008; Vaneckova 
et al. 2010). Therefore, access to resources can be influenced by a range of social, 
economic and institutional factors. For example, Alberini et al. (2006) reported results of 
their survey of public health and climate change experts, which showed that per capita 
income, universal health care coverage, and high access to information were the most 
important determinants of adaptive capacity related to the health risks of climate change.  
 
To some extent, adaptive capacity is a prerequisite for the design and implementation of 
effective adaptation actions. Public health adaptation also comprises a wide range of 
actions by households, businesses, communities and governments (Confalonieri et al. 
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2007; Ebi 2009; Frumkin et al. 2008). Thus, a mix of policies and measures for adaptation 
is necessary to address the health impacts of climate change at different levels. Policies 
refer to objectives and means of implementation (Lim et al. 2005). For example, the 
WHO Regional Office for Europe published Heat–Health Action Plans: Guidance in 
2008 (Matthies et al. 2008). It describes the general principles and core elements of 
national or regional heat–health action plans, and gives options and models for 
intervention. Measures are considered as focused actions aimed at specific issues, such as 
implementing a heat watch/warning system. In some cases, public health adaptation can 
also be undertaken as part of broader social and development initiatives, rather than 
actions to address the health risks only. For instance, some actions are usually 
implemented to cope with climate change as part of disaster preparedness, land use 
planning or initiatives linked to sustainable development (Allen 2006; Keim 2008; 
Markandya et al. 2009; Smith et al. 2009). They are rooted in areas such as housing, 
agriculture, transport and development; however, these actions could also have significant 
health co-benefits (Ebi et al. 2006a). 
 
2.3 Constraints and barriers to public health adaptation 
 
While public health adaptation is increasingly regarded as an inevitable part of the 
response to climate change, a number of studies show that there are constraints and 
barriers to adaptation. Despite significant investment in adaptive capacity and increased 
attention to adaptation actions, extreme events continue to result in many deaths and 
injuries due to practical constraints and barriers (Elder et al. 2007; Meusel et al. 2004). 
For example, as a result of the 2009 Melbourne Bushfires, 172 civilians died. Although 
the bushfire safety policies had appeared sound on paper, implementation presented major 
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challenges. A large proportion of victims were taken by surprise and many falsely 
assumed that they would receive a specific warning from the public authorities. This 
bushfire example highlights the challenges facing successful adaptation, as even good 
preparedness at the householder level may not be enough to prevent fatalities (Handmer 
et al. 2010). 
 
Generally speaking, constraints are limitations that may lie outside, but have a direct 
impact on the adaptation process. Barriers refer to any condition that makes it difficult to 
achieve progress towards adaptation. Furthering the understanding of these constraints 
and barriers may considerably improve the planning and implementation of strategies and 
policies for better public health adaptation.  
 
2.3.1 Uncertainties of future climate and socio-economic conditions  
 
Public health adaptation decisions are made in a context of uncertain and dynamic 
environments (Leary et al. 2008). While it is very likely that the global climate will 
change, there are still uncertainties about how it will change and how fast (Stainforth et 
al. 2005). In order to address the climate change due to increasing GHG emissions, the 
IPCC defined a set of 40 scenarios (IPCC 2007c). Each scenario makes different 
assumptions for future GHG emissions, land-use and other driving forces. To project 
spatially dependent climates in the future under different emissions scenarios, various 
General Circulation Models have been developed based on physical principles at the 
continental scale (IPCC 2007c). However, due to the fact that different models use 
different plausible representations of the climate system, climate projections for a single 
scenario can differ creating more uncertainties.  
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In addition to the uncertainties in climate projections, difficulties also rise from 
uncertainties of future demographic, socio-economic and technological conditions that 
will change the exposure, sensitivity and adaptive capacity of populations (Adger and 
Vincent 2005; Vincent 2007). For example, there are uncertainties regarding the future 
populations at risk and future sensitivity to climate change (Gosling et al. 2009; Kinney et 
al. 2008). Even though the future population stratified by age could be reasonably 
estimated, trends in education levels, financial situation, levels of racial diversity and 
acclimatization within each age group are very hard to predict (O'Neill and Ebi 2009). 
Thus, an inherent challenge for public health adaptation is the handling of uncertainties 
about the future health impacts of climate change (Ebi 2008b; Hales et al. 2002; 
Knowlton et al. 2007; van Lieshout et al. 2004). 
 
2.3.2 Financial challenges  
 
Managing the health effects of climate change can be costly. Billions of dollars are likely 
to be required every year to meet the challenges in the near future (Bouwer and Aerts 
2006; Ebi 2008a; Stern 2007). However, the countries that are most severely affected by 
climate change are often those most under-resourced (Agrawala and Fankhauser 2008; 
Burton et al. 2006). Furthermore, within each country, the poorest groups in a society 
have the least capacity to adapt (IPCC 2007a). The distribution of adaptive capacity 
within and across societies represents a major barrier to the effectiveness of any 
adaptation strategy (Adger et al. 2007). This barrier will likely exacerbate existing health 
inequalities as well as the underlying social determinants of illness and premature death, 
which largely limits the ability of disadvantaged people to take actions to adapt to climate 
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change (Costello et al. 2009). Climate change is increasing the burdens of the poorest 
people in the world, but who have contributed the least to the problem of global warming. 
Helping the most vulnerable countries and communities is a big challenge for the 
international community. The Adaptation Fund has been established to finance projects 
and programs aimed at helping developing countries to adapt to the harmful effects of 
climate change (The Adaptation Fund 2012). 
 
In the developed countries, there is also a problem of funding insufficiency to address the 
health impacts of climate change. For example, Ebi et al. (2009) argued that the National 
Institutes of Health and other government agencies need to have robust programs to meet 
the challenges in the USA, with annual funding of over $200 million per year. However, 
the funding assigned to directly addressing the health impacts of climate change has been 
less than $3 million creating a large financial gap. Bedsworth (2009) conducted a survey 
to examine how local health agencies in California are prepared for dealing with the 
potential risks of climate change. Most local health officers responded that they have 
inadequate resources. Likewise, Olaris (2008) suggested that funding was the main 
barrier for the health sector to tackle climate change in Victoria, Australia. Hence, in the 
absence of governmental prioritization of climate change impacts on health, financial 
resources are likely to remain a significant barrier to public health adaptation. 
 
2.3.3 Technological limits  
 
Technology can potentially play an important role in adapting to climate change (Grubb 
2004). Access to, and use of, technology is usually regarded as an important determinant 
of adaptive capacity (Yohe and Tol 2002). There have been successful applications of 
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new technologies in the public health area to adapt to observed and anticipated climate 
change. Geographical information systems and remote sensing data are becoming useful 
assessment tools, and such technologies can help health professionals to reallocate 
resources and reduce risks (Estrada-Pena and Venzal 2007; Johnson et al. 2009). 
 
However, conditions for the creation of new technology require access to expertise, 
knowledge and funding. Even though some technologies already exist, it is also a 
challenge to make those technologies accessible to populations who will be most affected 
by climate change (Costello et al. 2009). For example, the Internet is a powerful 
communication tool and is an important source of information to address the health 
impacts of climate change. Nevertheless, studies show that significant disparities exist in 
Internet adoption within and between countries, with these disparities linked to income, 
education, age and ethnicity (Gilmour 2007). Due to major affordability and skill 
limitations it is difficult to bring the Internet to rural and remote areas, particularly in 
developing countries (James 2010). 
 
2.3.4 Institutional arrangements 
 
Institutions refer to the formal and informal rules as well as organizational arrangements 
governing human interactions (Agrawal). Public health adaptation to climate change 
demands political action and social mobilization, so there is an important role for 
institutions in facilitating adaptation. However, the current institutional arrangements 
seem unlikely to ensure an effective, efficient and equitable adaptation strategy. 
Governments are typically organized in specialized policy domains. Fragmentation and 
policy contradictions are often a serious problem at all levels of government (Costello et 
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al. 2009). Given the complexity of health impacts of climate change, it is difficult to 
catalog all adaptations taking place. This is particularly complicated by the fact that, 
currently, in many countries there is no lead agency responsible for public health 
adaptation (Ebi 2009). 
 
In addition, knowledge about what adaptation actions to take, coupled with a high degree 
of adaptive capacity, may not automatically translate into successful adaptations (Adger 
et al. 2007). Climate change may be perceived as posing little risk compared with other 
health hazards and therefore be given low priority by decision-makers. In 2007, Maibach 
et al. (2008) conducted a telephone survey with 133 randomly selected local health 
department directors in the USA. The results suggested that a majority of respondents felt 
that climate change was likely to become an increasing problem in the coming decades in 
their jurisdiction; however, only a few had made climate change one of their department‘s 
priorities. This may lead to insufficient numbers of public health practitioners trained in 
multidisciplinary approaches to address the impacts of climate change. 
 
Moreover, effective adaptation requires information about what actions are possible to 
address the impacts. Yet there is a paucity of knowledge about the potential effectiveness 
of different adaptation options and their costs (Agrawala and Fankhauser 2008; WHO 
2009). Typically, evaluation of particular adaptation options should compare the benefits 
with the costs, and the options that are chosen should be the ones that yield the highest net 
benefit. Otherwise, if information on adaptation options is inadequate or their expected 
costs go beyond the expected benefits, decision-makers may decide not to adapt, or to 
delay their adaptation actions (Leary et al. 2008). 
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2.3.5 Social capital 
 
It has been claimed that the theoretical underpinning of public health adaptation lies in the 
concept of social capital, which enables residents to coordinate community actions to 
achieve shared goals (Ebi and Semenza 2008). High social capital will support collective 
initiatives of adaptation and also enhance resilience (Adger 2003; Few 2007). Research in 
Chicago suggests that belonging to a social network can have a protective effect against 
heat-related illness (Naughton et al. 2002). By contrast, low social capital is regarded as 
shaping the vulnerability of population groups who are excluded from access to resources 
or decision-making in the adaptation process (Cutter et al. 2003). 
 
However, Wolf et al. (2010) indicate that strong bonding networks could also exacerbate 
rather than reduce vulnerability to the effects of climate change. This study suggested that 
misperceptions by the elderly and their social contacts about the health risks from 
heatwaves were an example of a barrier to proactive adaptation. Accordingly, public 
health adaptation may not always be able to rely on efficacy in existing social networks in 
response to climate change. Because social capital barriers to public health adaptation 
have not been well researched so far, it is still unclear in which conditions social capital 
may be counterproductive and even increase vulnerability (Pelling and High 2005). 
 
2.3.6 Individual cognition  
 
Finally, public health adaptation to climate change can be limited by human cognition 
(Grothmann and Patt 2005). An individual‘s knowledge of climate change is necessary 
but insufficient for adaptation. Perceptions of risk, vulnerability, and adaptive capacity 
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will also affect decision-making or behavioural change (Adger et al. 2007). For example, 
the public may know when a heatwave will occur, but they may not think they are 
vulnerable to the impacts (Kalkstein and Sheridan 2007). Higher income earners may 
perceive a lower risk from climate change because they have the financial means to cope 
with the threats (Semenza et al. 2008). 
 
Individual interpretation of information can be influenced by personal experience, values, 
priorities and other contextual factors. Sheridan (2007) conducted a telephone survey of 
public perception and response to heat warnings across four North American cities during 
the summers of 2004 and 2005. Among respondents with advanced age or chronic illness, 
60% of them reported that they did not perceive themselves to be at risk from the health 
effects of heat. Further, relatively few respondents reported taking preventive actions 
because of the heat event. An interview-based study of older people in London and 
Norwich also confirmed these similar findings (Abrahamson et al. 2009). Hence, even 
with the most sophisticated warning system available, the system will be less effective if 
the public are not motivated to respond (Kalkstein et al. 2008). 
 
2.4 Discussion  
 
Addressing the impacts of climate change on health is becoming more important and 
urgent (WHO 2009). In order to respond to the challenges, it is necessary for the research 
community to continually collect evidence on health effects, through innovative and 
interdisciplinary study to improve our understanding of the complex linkages between 
climate change and health (Costello et al. 2009; Haines 2008; Patz et al. 2008). So far, 
research on vulnerability and adaptation to climate change from the social sciences has 
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not been widely applied in terms of health. Together with a need for greater 
understanding of epidemiological studies of the health impacts of climate change, there is 
also a need for better understanding of the social processes that shape vulnerability to the 
impacts and the means by which individuals and institutions can manage the impacts 
(Few 2007). 
 
In addition, decision-making about public health adaptation needs to address 
uncertainties. Given climate change projections, identifying current adaptation deficits is 
not sufficient to address the projected health impacts. Consideration is required of future 
climate and socio-economic changes and how they will influence the health risks (Ebi 
2009). Projecting health impacts under different climate and socio-economic scenarios 
can provide significant insights to assist decision-makers in planning adaptations and 
communicating the health risks to the public and politicians (Berkhout et al. 2002; Kinney 
et al. 2008; Martens et al. 2006). 
 
Moreover, climate change is prompting a rethinking of consumption patterns, energy 
choices and lifestyles. This presents an important opportunity for public health, as many 
actions to combat climate change could also bring significant health co-benefits (Neira et 
al. 2008). For example, appropriate GHG mitigation strategies in transport (Woodcock et 
al. 2009), household energy (Wilkinson et al. 2009), food and agriculture (Friel et al. 
2009), and power generation (Markandya et al. 2009) can all have substantial net benefits 
for health (Haines et al. 2009). The public health research community needs to be aware 
of these opportunities, and endeavour to optimize their health co-benefits (Frumkin and 
McMichael 2008). 
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Attention should also be paid to evaluating specific adaptation options (Ebi and Burton 
2008). For informed decision-making, it is necessary to know what risks could be reduced 
through adaptation, and the likely costs of the proposed programs. Cost-benefit and cost-
effectiveness analyses can therefore be used to judge whether these expenditures are 
reasonable and whether the programs are justified (Agrawala and Fankhauser 2008; 
Markandya and Chiabai 2009). In addition, public health adaptation strategies should 
focus not only on the pre-decision stages of the process, but also on monitoring and 
evaluation in the implementation and post-implementation stages. Careful monitoring and 
evaluation of implemented adaptation actions would be helpful to assess what is working, 
what is not working, and why (Lim et al. 2005). This information will allow policy-
makers to set priorities and to select the most appropriate strategy, so that adaptation can 
be sustained and improved over time. 
 
Further, as part of society‘s efforts to address and prepare for climate change, the health 
sector should add its voice to the growing climate change concern and demonstrate a 
substantive leadership role (Jackson and Shields 2008). Climate change can no longer be 
considered simply as an environmental or a developmental issue, and is already affecting 
human health and well-being. There is a need to assess health vulnerabilities and identify 
adaptation strategies in all sectors. The Health Impact Assessment framework can 
comprehensively serve as a decision support tool for practitioners who may take into an 
account the full set of implications of any policy options on climate change that could 
affect health (Patz et al. 2008). Human health should be a central concern for policy-
makers when they consider how best to adapt to climate change; therefore, funding 
mechanisms for public health adaptation should be established in a systematic and timely 
way (Neira et al. 2008). 
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To strengthen institutional capacity and facilitate public health adaptation, there is also a 
need to identify a lead agency that can effectively coordinate multiple organizations (Ebi 
2009). This lead agency should thereby involve the public health research community in 
adapting to climate change. Its key roles will include identifying knowledge gaps in the 
information available to decision-makers, synthesizing existing and emerging research on 
climate change impacts and adaptation, and developing targeted communication products 
for the general public and politicians. 
 
2.5 Conclusions  
 
Climate is changing rapidly and the health impacts of climate change command 
increasing policy and public attention. As stated by Bo Lim ―adaptation is no longer 
tomorrow‘s choice, but today‘s imperative‖ (Schmidt 2009). Public health adaptation 
requires multisectoral and multidisciplinary responses in which individuals, communities, 
governments, international organizations and the research community collaborate closely 
to address the adverse health impacts of climate change (Costello et al. 2008). 
 
Collaborative multidisciplinary research on the assessment of the potential health impacts 
of climate change, projections of health impacts under different climate and socio-
economic scenarios, identification of health co-benefits of GHG mitigation strategies, and 
evaluation of cost-effective adaptation options should be given highest research priority. 
Such research agenda has the potential to contribute greatly to both managing the health 
impacts of climate change and strengthening alliances for sustainable development. 
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Note: This chapter aimed to provide an overview of the barriers to public health 
adaptation to climate change and explore future research directions in this emerging 
field. So I did not discuss any specific adaptation strategies related to temperature. 
However, in Chapter 6 I specifically discussed how public health organisations should 
manage the health effects of temperature in response to climate change. 
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ABSTRACT  
 
Background: Heat-related mortality is a matter of great public health concern, especially 
in the light of climate change. Although many studies have found associations between 
high temperatures and mortality, more research is needed to project the future impacts of 
climate change on heat-related mortality. 
Objectives: We conducted a systematic review of research and methods for projecting 
future heat-related mortality under climate change scenarios. 
Data sources and extraction: A literature search was conducted in August 2010, using 
the electronic databases PubMed, Scopus, ScienceDirect, ProQuest, and Web of Science. 
The search was limited to peer-reviewed journal articles published in English up to 2010. 
Data synthesis: The review included 14 studies that fulfilled the inclusion criteria. Most 
projections showed that climate change would result in a substantial increase in heat-
related mortality. Projecting heat-related mortality requires understanding of the historical 
temperature-mortality relationships, and consideration of the future changes in climate, 
population and acclimatization. Further research is needed to provide a stronger 
theoretical framework for projections, including a better understanding of socio-economic 
development, adaptation strategies, land-use patterns, air pollution and mortality 
displacement. 
Conclusions: Scenario-based projection research will meaningfully contribute to 
assessing and managing the potential impacts of climate change on heat-related mortality. 
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3.1 Introduction 
 
Exposure to extreme heat has been associated with both increased mortality and 
morbidity. A number of epidemiological studies have examined high temperatures in 
relation to total non-accidental deaths (McMichael et al. 2008; Stafoggia et al. 2006), to 
cause-specific mortality (Barnett 2007; Hertel et al. 2009), and to other health outcomes 
such as emergency department visits and hospitalizations (Knowlton et al. 2009; Wang et 
al. 2009). In fact, heat waves are the biggest cause of weather-related fatalities in many 
cities, responsible for more deaths annually than any other form of extreme weather 
(Luber and McGeehin 2008; WHO 2009a). 
 
Recently, heat-related mortality has become a matter of growing public health concern, 
especially because of climate change (Kovats and Hajat 2008; O'Neill and Ebi 2009). The 
Intergovernmental Panel on Climate Change (IPCC) indicates that hot weather is likely to 
increase future heat-related mortality (IPCC 2007a). Urban areas, home to more than half 
of the world‘s population (United Nations 2009), can be particularly vulnerable to heat 
due to high concentrations of susceptible people (Hajat et al. 2007), the urban heat island 
effect (Smargiassi et al. 2009), poor urban design and planning (Stone et al. 2010), and 
the interaction between air pollution and heat (Ren et al. 2006).  
 
People with cardiovascular or respiratory disease, diabetes, chronic mental disorders or 
other pre-existing medical conditions are at greater risk from heat exposure (Kovats and 
Hajat 2008; WHO 2009a). The effects of heat are particularly strong in the elderly (Basu 
and Ostro 2008; Vaneckova et al. 2008a). Other factors that influence the risks of heat-
related mortality include social isolation (Naughton et al. 2002; Semenza et al. 1996), low 
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income (Kaiser et al. 2001), low education (O'Neill et al. 2003), poor housing 
(Vandentorren et al. 2006), access to air conditioning (O‘Neill et al. 2005) and 
availability of health care services (WHO 2009a). 
 
Many study designs have been used to examine the effects of temperature on mortality, 
including descriptive (Reid et al. 2009), case-control (Naughton et al. 2002), case-only 
(Schwartz 2005), case-crossover (Smargiassi et al. 2009; Stafoggia et al. 2006), time-
series (Hajat et al. 2002; Kan et al. 2007), spatial (Vaneckova et al. 2010) and synoptic 
analyses (Vaneckova et al. 2008b). Generally, time-series and case-crossover are 
considered as more efficient designs for examining the temperature-mortality 
relationships in single or multiple locations over time (Basu et al. 2005; Basu and Samet 
2002). These designs aim to investigate the health effects of temperature after controlling 
for potential confounders such as trends and seasonal cycles in mortality, and in some 
cases humidity and air pollution (Kovats and Hajat 2008). 
 
The health effects of heat can be estimated using the heat threshold and the heat slope. 
The temperature-mortality relationship is usually a non-linear U-, V- or J-shape. Many 
studies have quantified cold and heat effects separately, assuming a linear response below 
and above a threshold temperature (Baccini et al. 2008; Hajat and Kosatsky 2010; 
McMichael et al. 2008). The heat threshold is the temperature at which the harmful effect 
of heat begins to occur, and the heat slope measures the size of this effect (Hajat and 
Kosatsky 2010). A significant geographic variability has been observed in both heat 
thresholds and slopes. Heat thresholds tend to be higher in warmer locations, suggesting 
acclimatization (Baccini et al. 2008; Medina-Ramon and Schwartz 2007). 
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Many studies have found associations between high temperatures and mortality, but more 
research is needed on the impacts of climate change on future heat-related mortality 
(Campbell-Lendrum and Woodruff 2007; Costello et al. 2009; Ebi and Gamble 2005; 
Huang et al. 2011; WHO 2009b). Scenario-based projections have been used as a key 
approach for policymaking and planning in the context of uncertain future conditions 
(Varum and Melo 2010). The IPCC has developed a set of scenarios in its Special Report 
on Emissions Scenarios (SRES). These scenarios are not assigned probabilities, but rather 
can be deemed as possible futures, which depend on demographic, technological, 
political, social and economic developments (Nakicenovic et al. 2000). Scenarios are not 
used to better predict the future, but to better understand uncertainties in order to reach 
decisions that are robust under a range of possible futures (Moss et al. 2010). Informed by 
quantitative or qualitative evidence, projections provide decision-makers with 
information on a variety of future trends, contexts, risks and opportunities. Projecting 
heat-related mortality under climate change scenarios will therefore help decision-makers 
in planning adaptation strategies and communicating the future health risks of climate 
change to the public and politicians (Menne and Ebi 2006). 
 
Understanding and managing uncertainty and complexity is the greatest challenge for 
projecting future heat-related mortality. The major difficulties are the long timescale over 
which climate change will occur, the diversity of potential impacts on health, and the 
complex interactions among demographic changes, socio-economic development, 
technological innovation and other environmental drivers (Ebi 2008; Frumkin and 
McMichael 2008; Gosling et al. 2008; Kinney et al. 2008). Currently, there are no 
guidelines for scenario-based projection research on heat-related mortality, and only a 
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few studies have examined this issue. This paper aims to fill this knowledge gap using a 
systematic review, and make recommendations for future research. 
 
3.2 Search strategy and selection criteria 
 
A literature search was conducted in August 2010, using the electronic databases 
PubMed, Scopus, ScienceDirect, ProQuest, and Web of Science. The search was limited 
to journal articles published in English up to 2010. The key words used were: heat, 
temperature, mortality, death, climate change, projection and scenario. References and 
citations of the articles identified were inspected to ensure that all relevant articles were 
included.  
 
Three inclusion criteria were used to select articles. First, articles must have included at 
least one projection of future heat-related mortality; studies of the climate change impact 
solely on future infectious diseases or air pollution were excluded. Second, in order to 
obtain authoritative information, this review only included peer-reviewed journal articles; 
books, reports and conference abstracts were excluded. Third, this review only included 
quantitative, empirical studies; reviews and qualitative studies were excluded.  
 
3.3 Results 
 
Fourteen studies were found, including three studies that considered both the future 
impacts of heat and air pollution on mortality. These studies are summarised in Table 3-1, 
with the most recent studies first. 
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Table 3-1. Characteristics of studies on projecting heat-related mortality under climate change scenarios 
Reference  Setting Study 
period 
Mortality Temperature 
exposure 
Projection results 
Jackson et al. 
2010  
4 areas in Washington State: the 
Greater Seattle Area, Tri-Cities, 
Spokane County, and Yakima 
County 
2025, 2045, 
2085  
Heat events and 
air pollution  
Humidex The largest number of projected deaths in all years and scenarios for the Seattle 
region was found for age 65+. Under the middle warming scenario, this age 
group is expected to have 96, 148 and 266 excess deaths in 2025, 2045 and 
2085, respectively 
Hayhoe et al. 
2010  
Chicago, USA 1961–1990, 
2010–2039, 
2040–2069, 
2070–2099  
Heat-related  Spatial 
Synoptic 
Classification 
Annual average mortality rates are projected to equal 1995-levels under lower 
emissions scenario and reach twice 1995-levels under higher emissions 
scenario 
Baccini, et al. 
2010  
15 European cities: Athens, 
Barcelona, Budapest, Dublin, 
Helsinki, Ljubljana, London, 
Milan, Paris, Prague, Rome, 
Stockholm, Turin, Valencia, 
Zurich  
2030 Heat-related  Maximum 
apparent 
temperature  
The number of heat-related deaths per summer ranged from 0 in Dublin to 423 
in Paris. The highest impact was in three Mediterranean cities (Barcelona, 
Rome and Valencia) and in two continental cities (Paris and Budapest). The 
largest impact was on persons over 75 years, but in some cities important 
proportions of heat-related deaths were also found for younger adults 
Doherty et al. 
2009 
15 UK conurbations in England 
and Wales 
2003, 2005, 
2006, 2030  
Heat and ozone 
exposure  
Mean 
temperature  
In the summers of 2003, 2005 and 2006 around 5,000 deaths were attributable 
to heat in England and Wales. The authors did not present the 2030 projection 
results 
Cheng et al. 
2009b 
4 cities in south-central Canada: 
Montreal, Ottawa, Toronto, and 
Windsor  
 
2040–2059, 
2070–2089 
Differential and 
combined impacts 
of extreme 
temperatures 
and air pollution 
Synoptic 
weather typing 
Heat-related mortality is projected to be more than double by the 2050s and 
triple by the 2080s from the current levels. Cold-related mortality could 
decrease by 45–60% and 60–70% by the 2050s and the 2080s, respectively. 
Population acclimatization to increased heat could reduce future heat-related 
mortality by 40% 
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Gosling et al. 
2009  
6 cities: Boston, Budapest, Dallas, 
Lisbon, London and Sydney 
 
2070–2099 Summer heat-
related  
Maximum 
temperature  
Higher mortality is attributed to increases in the mean and variability of 
temperature with climate change rather than with the change in mean 
temperature alone. Allowing for acclimatization to an increase of 2 °C reduced 
future heat-related mortality by approximately half that of no acclimatization in 
each city 
Doyon et al. 
2008 
3 cities in Québec, Canada: 
Montréal, Québec and Saguenay  
2020, 2050, 
2080 
Heat- and cold-
related  
Mean 
temperature 
A significant increase in summer mortality is projected, and a smaller, but 
significant decrease in fall. The slight changes in projected mortality for winter 
and spring were not statistically significant. The changes in projected annual 
mortality are dominated by an increase in mortality in summer, which is not 
balanced by the decrease in mortality in fall and winter. The difference 
between the mortality changes projected with the A2 or B2 scenarios was not 
statistically significant 
Knowlton et al. 
2007 
The New York City region, USA 1990s, 
2050s 
Summer heat-
related  
Mean 
temperature  
Projected increases in heat-related mortality by the 2050s ranged from 47% to 
95%, with a mean 70% increase compared with the 1990s. Acclimatization 
effects reduced increases in summer heat-related mortality by about 25%. 
Urban counties had greater numbers of deaths and smaller percentage increases 
than less-urbanized counties 
Takahashi et al. 
2007  
The entire global 2091–2100 Heat-related  Maximum 
temperature  
When the changes of excess mortality due to heat were examined by country, 
the results showed increases of approximately 100% to 1000%. When 
considered with present population densities, significant increases in excess 
mortality are predicted in China, India, and Europe 
Hayhoe et al. 
2004 
Los Angeles, USA 2070–2099 Heat-related  Maximum 
apparent 
temperature  
From a baseline of around 165 excess deaths during the 1990s, heat-related 
mortality was projected to increase by about 2–3 times under B1 and 5–7 times 
under A1FI by the 2090s if acclimatization was taken into account. Without 
acclimatization, these estimates were 20–25% higher 
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Dessai 2003 Lisbon, Portugal 2020s, 
2050s, 
2080s 
Summer heat-
related  
Maximum 
temperature  
Annual heat-related mortality was estimated to increase from between 5.4–6.0 
(per 100,000) for 1980–1998 to between 5.8–15.1 for the 2020s. By the 2050s, 
the potential increase ranged from 7.3–35.6. For the summer months mean 
approach, acclimatization reduced deaths on average by 15% for the 2020s and 
40% for the 2050s respectively, while for the 30-day running mean approach 
acclimatization reduced deaths by 32% and 54% 
Guest et al. 1999 5 cities in Australia: Adelaide, 
Brisbane, Melbourne, Perth, 
Sydney 
2030 Heat- and cold-
related  
Temporal 
synoptic 
indices  
After allowing for increases in population and combining all age groups, the 
projection is a 10% reduction in mortality in the year 2030 when considering 
reduced winter mortality 
Martens 1998 20 cities: Mauritius, Buenos 
Aires, Caracas, San Jose, 
Santiago, Beijing, Guangzhou, 
Singapore, Tokyo, Amsterdam, 
Athens, Budapest, London, 
Madrid, Zagreb, Los Angeles, 
New York, Toronto, Melbourne, 
Sydney  
2040–2100 Heat- and cold-
related 
Mean 
temperatures 
For most of the cities, global climate change is likely to lead to a reduction in 
mortality rates due to decreasing winter mortality. This effect is most 
pronounced for cardiovascular mortality in elderly people in cities which 
experience temperate or cold climates at present 
Kalkstein and 
Greene 1997 
44 U.S. cities with more than 1 
million people  
2020, 2050 Heat- and cold-
related 
Spatial 
synoptic 
classification 
Increases in the frequency of summer high-risk air masses could contribute to 
significantly higher summer mortality, especially for the 2050 models. 
Increases in heat-related mortality ranged from 70% for the most conservative 
GCM to over 100% for the other GCMs in 2050, even if the population 
acclimatized to the increased heat. Winter mortality would drop slightly, but 
this would not offset the increases in summer mortality to any significant 
degree 
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3.3.1 Main findings 
 
In a study of the possible health impacts of climate change in 44 U.S. cities, Kalkstein 
and Greene (1997) estimated that increases in heat-related mortality would range from 
70% to over 100% in 2050, relative to the baseline 1964–1991 summer mortality. Winter 
mortality would drop slightly, but this would not offset the increases in summer mortality 
to any significant degree. Large increases in heat-related mortality have also been 
projected for other cities in the USA. Heat-related mortality in Los Angeles (Hayhoe et al. 
2004) by the 2090s was projected to increase by 2–3 times under the lower B1 emissions 
scenario, and by 5–7 times under the higher A1FI emissions scenario relative to 1961–
1990. In the New York City metropolitan region, projected increases in heat-related 
mortality ranged from 47% to 95% by the 2050s, with a mean 70% increase compared 
with the 1990s (Knowlton et al. 2007). Annual average mortality rates in Chicago by the 
end of this century were projected to be equal to those of 1995-like heat waves under the 
B1 emissions scenario, and reach twice the 1995-levels under the A1FI emissions 
scenario (Hayhoe et al. 2010). In Washington State, the largest projected excess deaths 
for the Seattle region occurred in those aged 65 and above. Holding the population 
projection constant at the 2025 level and using a moderate warming scenario, this age 
group was projected to have 96, 148 and 266 excess deaths due to heat events in 2025, 
2045 and 2085, respectively (Jackson et al. 2010). 
 
In three cities in Canada, Doyon et al. (2008) projected a significant increase in 
temperature-related mortality in summer that was not offset by a significant but smaller 
estimated decrease in fall and winter mortality. Cheng et al. (2009b) projected that heat-
related mortality in four Canadian cities would more than double by the 2050s and triple 
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by the 2080s, and that cold-related mortality could decrease by 45–60% by the 2050s and 
by 60–70% by the 2080s. 
 
In Australia, Guest et al. (1999) applied the climate-mortality relationship estimated for 
1979–1990 to scenarios for climate and demographic changes to predict potential impacts 
on mortality in five major cities in 2030. They estimated that changes in mortality due to 
direct climatic effects would be small after considering reduced winter mortality. 
However, we feel that this is probably because of the relative insensitivity of warming to 
emissions scenarios, over the short period to 2030 (Murphy et al. 2009).  
 
Baccini et al. (2010) projected that climate change in Europe would have the greatest 
impact on three Mediterranean cities (Barcelona, Rome and Valencia) and two 
continental cities (Paris and Budapest). The largest estimated impact according to age was 
on persons over 75 years, but in some cities relatively large proportions of heat-related 
deaths were also projected for younger adults. Dessai (2003) projected that annual heat-
related deaths in Lisbon would increase from 5.4–6.0 per 100,000 in 1980–1998 to 5.8–
15.1 in the 2020s, and 7.3–35.6 in the 2050s. Takahashi et al. (2007) projected global 
rates of excess deaths due to heat would increase by 100% to 1000% in the 2090s relative 
to the 1990s. The authors projected that the burden of future heat-related mortality would 
vary by country, with greater effects in China, India and Europe because of the high 
population density of these regions. Their estimates were based on World Bank 
population estimates for the year 2000, and assumed no change in future population 
density or age composition.  
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It has been estimated that population acclimatization could reduce future heat-related 
mortality by 20–25% in Los Angeles (Hayhoe et al. 2004), 25% in New York (Knowlton 
et al. 2007), and 40% in south-central Canada (Cheng et al. 2009b). In Lisbon, 
acclimatization could reduce heat-related deaths on average by 15% in the 2020s and 
40% in the 2050s, relative to projections assuming no acclimatization (Dessai 2003). 
Gosling et al. (2009) estimated that acclimatization to an extra 2 °C in maximum 
temperature would reduce future heat-related mortality by 50%. However, complete 
acclimatization to high temperatures is unlikely because it would require extensive 
improvements to existing buildings (particularly in poor areas), and because the capacity 
for acclimatization will be reduced in vulnerable populations such as patients with 
advanced heart disease (Kalkstein and Greene 1997). 
 
In summary, most projections showed that climate change would result in a substantial 
increase in heat-related mortality. Also, most studies did not consider demographic 
changes that are expected to result in an aging population (who are more susceptible to 
heat), which could lead to an underestimation of future heat-related mortality. 
Acclimatization could reduce future heat-related mortality, but it would not entirely 
eliminate the impacts of climate change on mortality. The studies identified by our review 
used many different climate models, emissions scenarios, time periods, temperature 
exposures and assumptions. It is therefore difficult to compare the different studies using 
standardized results that are stratified by periods and locations. It is also not possible to 
conduct a meta-analysis to create a combined estimate of the impacts of climate change 
on heat-related mortality. 
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3.3.2 Methodological issues 
 
Projecting heat-related mortality under climate change models and scenarios requires 
understanding of the historical temperature-mortality relationships, and consideration of 
the future changes in climate, population and acclimatization. Estimation of the possible 
health consequences of climate change is inherently difficult and involves numerous 
uncertainties as outlined below and summarised in Table 3-2. 
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Table 3-2. Methodological issues of studies on projecting heat-related mortality under climate change scenarios 
Reference Baseline temperature-mortality 
relationship  
Climate change 
scenario 
Climate model  Downscaling  Demographic change Acclimatization 
Jackson et al. 
2010 
The relationship between age- and 
cause-specific mortality from 
1980–2006 and heat events at the 
99th Humidex percentile from 
1970–2006 
Three scenarios: 
high, moderate and 
low summer 
warming  
The high scenario was the 
HADCM-A1B model; the low 
scenario was the PCM1-B1 
model; and the middle 
scenario was the mean of the 
two composite models using 
either the A1B or B1 
emissions scenario 
Did not consider  Projected county population 
estimates by age group were 
obtained for the years 2005–
2030. In predicting future 
heat-related mortality, the 
population was held constant 
at the 2025 projection, 
allowing differences in excess 
deaths between years to be 
interpreted as the component 
due to climate change 
Assumed no 
acclimatization 
Hayhoe et al. 
2010 
The Spatial Synoptic 
Classification method to quantify 
the meteorological and seasonal 
contributions to heat-related 
mortality in Chicago for the years 
1961–1990 
 
 
 
 
 
Two scenarios: 
A1FI and B1  
Three GCMs: GFDL CM2.1, 
HadCM3, and PCM  
Statistical 
downscaling  
Assumed no demographic 
change 
Assumed no 
acclimatization 
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Baccini et al. 
2010 
The study of city-specific air 
quality-adjusted estimates of 
mortality risk by maximum 
apparent temperature over the 
years 1990–2001 (Baccini et al. 
2008) 
Three scenarios: 
B1, A1B, and A2  
 
Did not use any climate 
models. B1 equal to 1.8 °C, 
A1B equal to 2.8 °C, A2 equal 
to 3.4 °C increase in 
temperature by 2090-2099 
relative to 1980-1999 
Did not consider  Assumed no demographic 
change 
Assumed no 
acclimatization 
Doherty et al. 
2009 
Estimates of ozone- and heat-
mortality were based on time 
series of daily mortality for the 
period May–September 1993–
2003 for the 15 English and 
Welsh conurbations  
Three scenarios: 
optimistic 
(maximum 
feasible reduction), 
pessimistic (the 
SRES A2), and 
current legislation  
The coupled WRF-EMEP4UK 
model was used to simulate 
daily surface temperature and 
ozone  
Did not consider  Assumed no demographic 
change 
Did not consider 
Cheng et al. 
2009b 
 
 
 
 
 
 
 
 
 
 
 
An automated synoptic weather 
typing approach was used to 
assess the relationship between 
weather types and elevated 
mortality for the years 1954–2000 
(Cheng et al. 2009a)  
Three scenarios:  
IS92a, A2, andB2 
Canadian GCM—CGCM1, 
Canadian GCM—CGCM2, 
U.S. GCM—GFDL-R30 
Statistical 
downscaling 
Assumed no demographic 
change 
The five hottest and 
coolest summers in each 
city were selected. The 
difference in daily mean 
deaths between the hottest 
and coolest summers was 
assumed to be due to 
acclimatization 
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Gosling et al. 
2009 
The relationship between 
temperature and summer mortality 
in different cities for the historical 
years (Boston1975–1998, 
Budapest 1970–2000, Dallas 
1975–1998, Lisbon 1980–1998, 
London 1976–2003 and Sydney 
1988–2003) (Gosling et al. 2007)  
Two scenarios: A2 
and B2  
The UK HadCM3 GCM Did not consider  Assumed no demographic 
change 
Three possibilities: no 
acclimatization, 
acclimatization to an 
increase of 2 °C, and 
acclimatization to an 
increase of 4 °C relative to 
present 
Doyon et al. 
2008 
The relationship between 
mortality for all cause (excluding 
trauma) and climate for different 
cities during the period 1981–
1999  
Two scenarios: A2 
and B2  
The UK HadCM3 GCM  Statistical 
downscaling  
Assumed no demographic 
change 
Assumed no 
acclimatization 
Knowlton et al. 
2007 
Derived from a study of observed 
temperature and mortality in 11 
eastern U.S. cities for the years 
1973–1994 (Curriero et al. 2002)  
Two scenarios: A2 
and B2  
The GISS–MM5 linked model  Dynamic 
downscaling  
Assumed no demographic 
change 
Modeled acclimatization 
by using a heat exposure-
mortality response 
function derived from 2 
U.S. cities with current 
observed temperatures 
similar to those projected 
for the 2050s in the New 
York region 
Takahashi et al. 
2007 
The relationship between 
temperature and mortality in the 
47 prefectures of Japan for the 
years 1972–1995  
One scenario: A1B CCSR/NIES/FRCGC GCM  Did not consider Assumed no demographic 
change 
Assumed no 
acclimatization 
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Hayhoe et al. 
2004 
An algorithm was developed for 
all days with maximum apparent 
temperatures at or above 34 °C to 
estimate daily heat-related 
mortality during 1961–1990 
Two scenarios: B1 
and A1FI  
Two GCMs: PCM and 
HadCM3  
Statistical 
downscaling  
Assumed no demographic 
change 
Selected ―analogue 
summers‖ best duplicating 
the summers as expressed 
in the climate change 
scenarios. For Los 
Angeles, the five hottest 
summers over the past 24 
years were selected based 
on mean summer apparent 
temperature values 
Dessai 2003 The climate-mortality relationship 
of the summer months of 1980–
1998 (Dessai 2002)  
The median of the 
modeled values 
was used because, 
at the time, RCMs 
had not been run 
with all the SRES 
scenarios  
Two RCMs: PROMES and 
HadRM2  
High-resolution 
RCMs that yield 
greater spatial 
detail about 
climate  
The OECD population growth 
rate from each SRES storyline 
(A1, A2, B1 and B2) was 
applied to the 1990 Lisbon 
population to produce 10-year 
spaced population figures until 
2100. The median population 
from these calculations was 
used for simplicity 
 
Assumed that complete 
acclimatization to an extra 
1 °C (compared to the 
1990s) is reached after 
three decades 
Guest et al. 
1999 
The relationship between 
temperature and mortality (cause-
specific and all cause) during the 
period 1979–1990  
Low and high 
climate change 
scenarios  
The CSIRO Mark 2 GCM  Did not consider Data on projected population 
for 2030 were obtained. These 
data account for ageing as 
well as growth of the 
population 
 
Assumed no 
acclimatization 
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Martens 1998 A meta-analysis giving an 
aggregated effect of mean 
temperature on mortality for total, 
cardiovascular and respiratory 
mortality  
Three GCMs 
scenarios 
Three GCMs: ECHAM1-A, 
UKTR, and GFDL89 
Did not consider  Assumed no demographic 
change 
The sensitivity of heat- and 
cold-related mortality to 
physiological as well as 
socio-economic adaptation 
was examined 
Kalkstein and 
Greene 1997 
A air mass-based synoptic 
procedure was used to evaluate 
the relationships between synoptic 
events and mortality for the period 
of 1964–1991  
Three GCMs 
scenarios 
Three GCMs: GFDL, UKMO, 
and the Max Planck Institute 
for Meteorology Model 
Did not consider  Assumed no demographic 
change 
Analogue cities were 
established for each city. 
These analogues represent 
cities whose present 
climate approximates the 
estimated climate of a 
target city as expressed by 
the GCMs 
 
Notes: Climate change scenario is a coherent description of the change in climate under specific assumptions about the growth of GHG 
emissions and about other factors that may influence future climate. Climate models are mathematical descriptions of the climate system 
which enable us to project how the climate may change in the future. GCM: General Circulation Model. RCM: Regional Climate Model. 
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Baseline temperature-mortality relationships 
 
Mortality projections are based on historical exposure-response functions of temperature 
and mortality that are applied to climate change models and emissions scenarios to 
estimate future heat-related mortality. Therefore, it is important to consider which 
measure of temperature is the best predictor of mortality. 
 
Maximum temperature and mean temperature are commonly used measures of heat 
exposure. For example, Dessai (2002) modeled the relationship between maximum 
temperature and excess deaths in Lisbon during the summer months in 1980–1998 and 
then applied different climate and population change scenarios to the model to assess 
potential impacts on mortality in the 2020s and 2050s (Dessai 2003). Knowlton et al. 
(2007) projected the impacts of climate change on summer mortality using modeled daily 
mean temperatures for New York City. Martens (1998) reviewed the literature on the 
relationship between mean temperature and mortality and derived a pooled estimate of the 
effect of temperature on mortality using meta-analysis.  
 
Others have used composite indices, which examine the combined effects of ambient 
temperature, humidity and other meteorological variables. For example, the synoptic 
approach is an air mass-based method that quantifies the effect of air and dewpoint 
temperatures, wind speed, cloud cover, barometric pressure and others. The apparent 
temperature and Humidex combine the effects of temperature and humidity. Kalkstein 
and Greene (1997) used the spatial synoptic classification to evaluate climate-mortality 
relationships in the U.S. cities. Guest et al. (1999) described the climate-mortality 
relationships by temporal synoptic indices in Australia. Hayhoe et al. (2004) identified 
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maximum apparent temperature thresholds that were associated with rising heat-related 
mortality in California. Jackson et al. (2010) examined the historical relationship between 
age- and cause-specific mortality rates and heat events at the 99th Humidex percentile in 
Washington State.  
 
Barnett et al. (2010) examined which measure of temperature is the best predictor of 
mortality. The authors compared seven temperature measures: maximum, mean and 
minimum temperature; maximum, mean and minimum apparent temperature; and the 
Humidex, based on daily data for 107 U.S. cities during 1987–2000. No one temperature 
measure was superior to the others. The strong correlation between different temperature 
measures suggests that they have a similar predictive ability. For the projection research 
of heat-related morality, we therefore propose that the temperature measure can be chosen 
based on practical concerns, such as using mean temperature which may be commonly 
available from the climate models.  
 
The choice of model is probably a more important consideration than the choice of 
temperature measure. Hajat et al. (2010b) compared the predictive capacity of four 
approaches for identifying dangerous hot days: physiologic classification, synoptic 
approach, temperature-humidity index, and temperature-mortality relationship. There was 
little agreement across the different approaches, but in general, modeling the temperature-
mortality relationship most accurately identified days of highest excess mortality. For 
projection research, we recommend examining the heat threshold and slope using a 
temperature-mortality relationship based on a continuous scale of temperature values. 
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Choosing a baseline time period for the temperature-mortality relationship is also 
important. Temperature-mortality relationships in the same city can be very different 
between the 1960s and the 2000s. Differences could be due to socio-economic 
development, demographic change and population acclimatization. Differences in the 
time periods used to estimate the historical temperature-mortality relationships also make 
it difficult to compare projections between studies. Figure 3-1 highlights the variability of 
different time periods used in each study. As daily mortality data often are not available 
prior to 1990 in many cities, it is recommended to use the time period 1996–2005, which 
centered on 2000, as the baseline. 
 
 
Figure 3-1. Time period used by studies of climate change and projected mortality, 
ordered by date of publication 
Green lines show the baseline time periods, and red lines or red points show the 
projection time periods. 
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Climate change projections 
 
Another fundamental issue for projecting heat-related mortality is the modeling of future 
climate. The IPCC has defined a set of 40 SRES scenarios that covered a wide range of 
the main driving forces of future greenhouse gas (GHG) emissions (IPCC 2007b). These 
scenarios are structured in four major families labelled A1, A2, B1 and B2. A1 represents 
rapid economic growth, global population peaking in mid-century, and rapid introduction 
of new and efficient technologies. A1 has three subgroups: A1FI (fossil intensive), A1T 
(non-fossil), and A1B (balanced). A2 represents high population growth, slow economic 
development and slow technological change. B1 represents the same population growth 
as A1, but rapid changes in economic structures toward a service and information 
economy. B2 represents intermediate population and economic growth with local 
solutions to economic, social, and environmental sustainability. The emissions scenarios 
can be used to project future climates based on various General Circulation Models 
(GCMs) (IPCC 2007b). 
 
Selecting climate models is also not a trivial task, given the strengths and weaknesses of 
various GCMs. There are different types of GCMs depending on whether they 
incorporate dynamics from the atmosphere, the ocean or both (IPCC 2007b). However, 
while all GCMs attempt to accurately represent climate processes, this gives rise to 
different GCMs adopting different representations, and hence generates different climate 
change projections, even when assuming the same pathway of future emissions (IPCC 
2007b). For more detailed information on emissions scenarios and GCMs, see Climate 
Change 2007: The Physical Science Basis (IPCC 2007b). 
 
 Chapter 3: Review Paper Two 71 
In the existing studies, Knowlton et al. (2007) considered two of the emissions scenarios, 
A2 and B2, which assume relatively high and low future emissions, respectively. The 
authors used both scenarios to model daily mean temperatures in the 1990s and 2050s. 
Gosling et al. (2009) applied the same scenarios to model daily maximum temperatures 
during 1961–1990 and 2070–2099. Hayhoe et al. (2004) projected future climates based 
on the higher A1FI and lower B1 emissions scenarios. Jackson et al. (2010) selected three 
climate change scenarios for high (A1B), low (B1), and moderate (A1B and B1 
combined) summer warming. 
 
Adding to the uncertainties of emissions scenarios, different GCMs were often used to 
simulate the future or current climates. Kalkstein and Greene (1997) used three GCMs in 
their study: the GFDL model, the UKMO model and the Max Planck model. Guest et al. 
(1999) used the CSIRO-Mk2 to project regional monthly-mean changes in temperature, 
rainfall and other climates. Also, since the spatial resolution of GCM results is too coarse 
to be used directly in the impact assessment at a local scale, downscaling methods were 
introduced. Cheng et al. (2009b) used a statistical downscaling approach to downscale 
daily outputs from five GCMs for selected cities. Knowlton et al. (2007) used the 
dynamic downscaling approach, in which the GCM outputs were used as initial and 
boundary conditions for finer-scale simulations by the climate model. Daily climate 
projections from Regional Climate Models (RCMs) were also applied to climate-
mortality studies. RCMs are higher resolution climate models that can be nested within 
GCMs to provide more detailed simulations for a particular area. For example, Dessai 
(2003) used results from two RCMs (i.e., PROMES and HadRM2) that yield greater 
spatial details about climate.  
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Climate change scenarios will determine the size of the predicted future heat-related 
mortality. Therefore, it is important to consider different emissions scenarios in the 
impact assessment, offering a range of possible future climates and health impacts. The 
uncertainty associated with future emissions has been recognised in the UK Climate 
Projections (UKCP09) by giving probabilistic projections which correspond to each of 
the three different emissions scenarios: High, Medium and Low (Murphy et al. 2009). 
These scenarios correspond to three of the commonly used emissions scenarios in SRES: 
A1FI, A1B and B1, respectively.  
 
Due to the varying sets of strengths and weaknesses of different GCMs, the IPCC 
suggested that no single GCM can be considered the best and that multiple GCMs should 
be used to account for modeling uncertainties (IPCC 2007b). Also, climate projection 
data at a higher spatial resolution will be more valuable, especially for information on the 
urban heat island effect. Better information on the probability of heat waves occurrences 
will also increase the accuracy of projections concerning the health impacts of climate 
change (Gawith et al. 2009).  
 
Demographic changes 
 
Challenges also arise from the uncertainties of future demographic changes that will 
modify the future sensitivity of populations to heat stress. Growing numbers of older 
adults will increase the proportion of the population at risk (Kovats and Hajat 2008; 
Luber and McGeehin 2008; O'Neill and Ebi 2009). As well as having a diminished 
physiological ability to cope with heat, the elderly are more likely to live alone, have 
reduced social contacts, and experience poor health (Hajat et al. 2010a). Also, the effects 
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of heat on mortality appear sometimes to be greater in women, especially elderly women 
(Ishigami et al. 2008; Vaneckova et al. 2008a).  
 
To project the effects of climate change independent of effects of population trends, one 
approach is to assume that the population size and age structure will remain constant. For 
example, Knowlton et al. (2007) assumed that population totals for each of the 31 
counties in New York City, based on data obtained from the U.S. census 2000 survey, 
were held constant throughout the modeling period. Baseline mortality rates for all age 
groups were also held constant. Similarly, Cheng et al. (2009b), Gosling et al. (2009), 
Takahashi et al. (2007) and Hayhoe et al. (2004) did not account for population changes.  
 
If susceptible populations are considered, then future demographic trends should be 
addressed. Guest et al. (1999) used data on the projected population for 2030 which 
accounted for an ageing population. Jackson et al. (2010) obtained the county population 
estimates by age group for the years 2005–2030. The population was held constant for the 
2025 projection, allowing differences in excess deaths between years to be interpreted as 
the component due to climate change. Dessai (2003) estimated population scenarios for 
Lisbon in line with the SRES. The population growth rates from each SRES storyline 
were applied to the 1990 Lisbon population to produce future population figures until 
2100, and the median population from these calculations was used. National population 
projections were not used because they did not go far enough into the future.  
 
Population acclimatization 
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How populations may acclimatize to elevated temperatures over time is another issue 
affecting mortality projections (Kalkstein and Greene 1997). Acclimatization can be a 
physiological process of humans adjusting to changes in their environment (Moseley 
1994). People may also adapt to extreme heat through increased use of air conditioning, 
modified behavior patterns, and improved building designs and urban planning (Gosling 
et al. 2008; Kinney et al. 2008; O‘Neill et al. 2005).  
 
One approach is to assume that no acclimatization takes place in the future. For example, 
Baccini et al. (2010) argued that epidemiological evidence of the extent to which short- or 
long-term acclimatization alters mortality risk is limited and sometimes discordant. For 
their projections the authors therefore assumed that no acclimatization occurred, and 
hence there would be no future change in the temperature-mortality relationship. Jackson 
et al. (2010), Hayhoe et al. (2010), Doyon et al. (2008), Takahashi et al. (2007), Guest et 
al. (1999) and Martens (1998) also assumed no future acclimatization.  
 
To incorporate acclimatization, one approach is to use the exposure-response curves from 
analogue cities. These analogues represent cities whose present climate best approximates 
the estimated future climate of a target city. For example, Knowlton et al. (2007) modeled 
acclimatization in New York City using a temperature-mortality response function 
derived for Washington, DC and Atlanta, GA, which had mean summer temperatures for 
1973–1994 that were within approximately 1 °F of projected temperatures for the New 
York City region in the 2050s. However, estimates based on this approach may be biased 
if social, economic and demographic characteristics related to mortality differ greatly 
between the target and analogue regions.  
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Another approach involves the use of analogue summers from the same city to model 
population acclimatization. Hayhoe et al. (2004) used analogue summers whereby future 
acclimatization was based on the temperature-mortality relationship only in the hottest 
summers on record. Cheng et al. (2009b) identified the five hottest and five coolest 
summers during 1953–2000 and attributed the differences in daily mean deaths between 
the hottest and coolest summers to acclimatization.  
 
Others have accounted for acclimatization by shifting current temperature-mortality 
relationships to the future. Using this method, the heat threshold increases with time but 
the slope of the temperature-mortality relationship remains unchanged. Dessai (2003) 
assumed that complete acclimatization to an extra 1 °C warming in maximum 
temperature is reached every three decades. Gosling et al. (2009) considered three 
possibilities of future acclimatization: no acclimatization, acclimatization to an increase 
of 2 °C, and acclimatization to an increase of 4 °C. How acclimatization might reduce the 
impacts of climate change is not well understood, and there is no consensus on how to 
estimate its effect. We recommend conducting sensitivity analyses using different 
approaches to model population acclimatization when projecting future heat-related 
mortality. 
 
3.4 Discussion  
 
The potential impacts of climate change on heat-related mortality are the subject of 
increasing public health concern (IPCC 2007a; WHO 2008). A variety of methods have 
been used to project future heat-related mortality. While each of the methods has 
limitations, collectively they provide insight concerning projections of heat-related 
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mortality under climate change scenarios. Projecting heat-related mortality under a 
changing climate requires analysis of historical exposure-response functions of 
temperature and mortality, and consideration of the future changes in climate, population 
and acclimatization. 
 
Reliable climate projections are now increasingly available for many regions of the world 
due to advances in climate modeling (IPCC 2007b). The GCMs provide credible 
estimates of future climate change. Their credibility comes from the well-established 
physical basis of climate models, from the ability to simulate important aspects of the 
current climate, and from the ability to reproduce features of past climate changes (IPCC 
2007b). Using the multi-model ensembles, along with statistical and dynamical 
techniques for regionalizing GCM outputs, climate researchers have moved towards 
representing changes in future climate with probabilities (IPCC 2007b; Murphy et al. 
2009). It is possible that regional climate projections for a given emissions scenario could 
soon become routine. There is an urgent need for the environmental health community to 
conduct evidence-based assessments of the health impacts of climate change by closer 
collaboration with climate researchers. 
 
Uncertainties in climate change projections should also be considered. Uncertainties may 
arise from model parameters, or from structural uncertainties as some processes in the 
climate system are not fully understood or are impossible to resolve due to computational 
constraints (IPCC 2007b). Thus, the estimates of future heat-related mortality contain 
uncertainties that need to be carefully interpreted for policy implications. 
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Another important consideration is the stability of temperature-mortality relationships 
over time. There are limitations to using present-day exposure-response functions to 
project future heat-mortality levels, as the relationship between heat and mortality may 
change over time. Changes in mortality risk may occur due to an aging population, or 
because of acclimatization, socio-economic development and adaptation strategies (Ebi 
2008; Gosling et al. 2009). If we do not consider adaptations in the modeling, it would 
likely lead to an overestimate of the future effects of heat. For instance, adaptation may 
occur through improved building design, better city planning and land-use patterns, such 
as green roofs, reflective surfaces on roads and buildings, tree planting and preservation 
of regional green space (Luber and McGeehin 2008; Younger et al. 2008). Adaptation 
may include changes in exposure patterns as people may spend less time outside thereby 
altering the impact of heat (Kinney et al. 2008). The prevalence of air conditioning has 
increased and this trend is expected to continue (O‘Neill et al. 2005). The implementation 
of heat health warning systems is becoming more widespread, and these systems may 
reduce the health risks from heat waves (Ebi and Schmier 2005).  
 
There is conflicting evidence of air pollution being a confounder and/or effect modifier of 
the temperature-mortality relationship. Some studies reported confounding effects of air 
pollutants on the association between temperature and mortality (Medina-Ramon and 
Schwartz 2007; Ren et al. 2006), whereas others found no evidence of confounding or 
effect modification (Basu et al. 2008; Zanobetti and Schwartz 2008). Recent evidence has 
indicated that the confounding effect of air pollution is relatively small, and there are 
independent effects of air pollution and temperature on mortality (Basu 2009). However, 
because extreme heat events and increased levels of air pollution (e.g., ozone) often 
coincide, it is necessary to understand not only the independent effects of heat on 
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mortality, but also any combined effects of heat and air pollution (WHO 2009a). Air 
pollution is expected to increase in urban areas due to climate change, so the joint 
exposure of urban populations to high temperatures and air pollutants will increase in the 
future (O'Neill and Ebi 2009). Future heat-related mortality may also be due to indirect 
causes, such as deaths due to increased ozone caused by increased temperature, or 
synergistic effects of heat and air pollution (Barnett and Hansen 2009).  
 
Short-term mortality displacement or ―harvesting‖ is another important issue. Mortality 
displacement suggests that some heat-related deaths in already frail populations are only 
hastened by heat exposure (Kovats and Hajat 2008). If most heat-related deaths were in 
the very elderly who had only a life expectancy in single years, the public health 
significance of heat-related deaths would be reduced. Few studies have investigated the 
degree of mortality displacement for heat-related deaths (Hajat et al. 2005; Toulemon and 
Barbieri 2008). The accurate estimation of years of life lost due to high temperatures 
remains unknown, and would likely vary as a function of the severity and duration of heat 
events (Kinney et al. 2008).  
 
As global average temperatures increase, heat-related mortality will increase, but overall 
effects on mortality could be offset somewhat by reductions in cold-related mortality 
(Guest et al. 1999; Martens 1998). For example, Davis et al. (2004) estimated that a 
uniform 1 °C warming results in a net mortality decline of 2.65 deaths per standard 
million per metropolitan areas, with 3.61 additional deaths in summer, and 8.92 fewer 
deaths in winter in U.S. cities. Nevertheless, many scientists believe that the future 
increase in heat-related mortality is unlikely to be offset by the reduction in cold-related 
mortality, especially in the medium to long-term (Costello et al. 2009; McMichael et al. 
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2003; Patz et al. 2005; WHO 2008). More studies are needed to understand how the 
balance of heat-related and cold-related mortality could change under different climate 
change and socio-economic scenarios (IPCC 2007a). However, because public health 
adaptation strategies could be different for heat waves and cold spells, it is better to 
separate the projections of heat- and cold-related mortality, rather than only presenting a 
net mortality change (Gosling et al. 2008).  
 
Although the magnitude of future climate change remains uncertain, climate modeling 
exercises indicate that future heat waves will be more frequent, more intense and longer 
lasting (Fischer and Schär 2010; Kintisch 2009; Meehl and Tebaldi 2004). Efforts to 
better understand how climate change will affect population health, especially among the 
most vulnerable groups, are necessary (Ebi 2008; WHO 2009b). Given uncertainties in 
our understanding of the future population vulnerability to heat, it is important to use 
various methods to capture a plausible range of the health impacts of climate change 
(Kinney et al. 2008). Further research is needed to provide a stronger theoretical 
framework for projecting heat-related mortality under climate change scenarios, including 
better understanding of socio-economic development, adaptation strategies, land-use 
patterns, air pollution and mortality displacement.  
 
3.5 Conclusions 
 
Climate change is likely to cause increased heat-related mortality. A few studies have 
projected heat-related mortality under different climate change scenarios. Significant 
differences in projected mortality can be found in different emissions scenarios, 
suggesting that GHGs mitigation policies are important for protecting human health. 
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Although the methods used for projections are still in their early stages and have 
limitations, the need for evidence-based assessments of future health impacts of climate 
change is urgent. Such research will significantly contribute to assessing and managing 
the potential impacts of climate change on heat-related mortality.  
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ABSTRACT 
 
Temperature is an important determinant of health. A better knowledge of how 
temperature affects population health is important not only to the scientific community, 
but also to the decision makers who develop and implement early warning systems and 
intervention strategies to mitigate the health effects of extreme temperatures (Anderson 
and Bell 2009; Hajat et al. 2010). The temperature-health relationship is also of growing 
interest as climate change is projected to shift the overall temperature distribution higher 
(Huang et al. 2011a; Kinney et al. 2008). Previous studies have examined the relative 
risks of temperature-related mortality, but the absolute measure of years of life lost is also 
useful as it combines the number of deaths with life expectancy. Here we use years of life 
lost to provide a novel measure of the impact of temperature on mortality in Brisbane, 
Australia. We also project the future temperature-related years of life lost attributable to 
climate change. We show that the association between temperature and years of life lost 
was U-shaped, with increased years of life lost for cold and hot temperatures. The 
temperature-related years of life lost will worsen greatly if future climate change goes 
beyond a 2 °C increase and without any adaptation to higher temperatures. This study 
highlights that public health adaptation to climate change is necessary. 
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4.1 Introduction 
 
Exposure to extreme temperatures has become a great public health concern over the last 
decade, largely because of numerous studies linking daily temperatures with daily 
mortality (Hajat and Kosatsky 2010; Kovats and Hajat 2008; O'Neill and Ebi 2009). 
Associations between temperature and mortality have been extensively examined using 
time-series analyses, identifying non-linear U-, V-, or J-shaped relationships (Gasparrini 
and Armstrong 2010). Delayed effects have also been associated with temperature, 
especially for cold temperatures (Analitis et al. 2008; Armstrong 2006). 
 
Most previous studies were designed to examine temperature-related excess deaths or 
mortality risks. These studies have usually shown increased mortality in association with 
cold and hot temperatures (Anderson and Bell 2009; Baccini et al. 2008; Le Tertre et al. 
2006; McMichael et al. 2008; Medina-Ramon and Schwartz 2007). However, in previous 
analyses deaths occurring on the same day were combined and differences in ages were 
ignored. Although some analyses stratified by several age groups, they treated all deaths 
as equally important within age groups. If most temperature-related deaths were in the 
very elderly who had only a life expectancy in single years, then the burden of 
temperature on mortality would have less public health importance (Huang et al. 2011a). 
 
To guide policy decision and resource allocation, it is desirable to know the actual burden 
of temperature-related mortality. Years of life lost is an indicator of premature mortality 
which accounts for the age at which deaths occurred by giving greater weight to deaths at 
younger ages (Lopez et al. 2006). In comparison to mortality risk, years of life lost is a 
more informative measurement for quantifying premature mortality (Steenland and 
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Armstrong 2006). In this study, we conducted a time-series analysis to estimate years of 
life lost associated with season and temperature in Brisbane, Australia. We also projected 
future temperature-related years of life lost under different climate change scenarios. 
 
4.2 Methods 
 
This study was in Brisbane, the third largest city in Australia. The city area covers 1,327 
km
2
 and the population was 992,176 in 2006. Brisbane is situated near the coast and has a 
subtropical climate. Summers are hot and wet, and winters are mild and dry. 
 
Daily mortality data on non-external causes from 1st January 1996 to 30th November 
2004 (3,257 days and 54,318 deaths) were requested from the Office of Economic and 
Statistical Research of the Queensland Treasury. All deaths were residents of Brisbane 
city. This data included date of death, sex and age. The mortality data were obtained up to 
November 2004, as this was the latest data available at the time of our request. 
 
Years of life lost were estimated by matching each death by age and sex to the Australian 
national life tables for the years 2002–2004. In order to consider the uncertainty in years 
of life lost estimate, we created 1,000 datasets with random life expectancies (see 
Supplementary Methods). The daily total years of life lost were made by summing the 
years of life lost for all deaths on the same day. Separate sums were made for men and 
women. The daily total years of life lost contain information on the number of deaths 
(larger values for days with more deaths), and the characteristic of the deaths (larger 
values for younger deaths). 
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Daily weather data were provided by the Australia Bureau of Meteorology. We used daily 
values of maximum temperature, minimum temperature and relative humidity from the 
Archerfield station located near the city centre. Maximum and minimum temperatures 
were the highest and lowest hourly measurements each day in degrees Celsius, with the 
mean temperature as their average. When data were missing for the Archerfield station 
(less than 2%), data from the Brisbane Airport were used. 
 
A regression model was used to estimate the association between daily mean temperature 
and years of life lost, with adjustments for trend, season, day of the week, and daily 
humidity. To examine the non-linear and delayed effects of temperature, we used a 
distributed lag non-linear model (Armstrong 2006; Gasparrini et al. 2010). To estimate 
the uncertainty, we re-ran the analysis 1,000 times based on the 1,000 datasets with 
random life expectancies, and then generated means and confidence intervals for the 
estimated effects of season and temperature (see Supplementary Methods). We plotted the 
mean and 95% confidence intervals for the years of life lost against month and 
temperature. The adequacy of the models were checked by verifying the residuals were 
approximately normally distributed and independent over time. Sensitivity analyses were 
performed by adjusting for air pollution, by changing the degrees of freedom for trend, 
season and temperature, and by checking for temperature effects at lags beyond 10 days. 
 
We also estimated the relative risks of mortality associated with changes in season and 
temperature. We used the same independent variables as the years of life lost model, but 
with a dependent variable of the daily number of deaths which we assumed followed a 
Poisson distribution. These results were intended to show the difference between a 
standard analysis of mortality and the analysis of years of life lost. 
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According to the IPCC, evidence for future temperature changes in variability is sparse, 
and the patterns of changes in extremes are shown in accordance with a general warming 
(IPCC 2007). Therefore, we assumed that climate change will cause increasing average 
temperatures but no change in variability. We simulated future daily temperatures by 
adding 1 to 4 °C to the observed daily temperature data from 1996 to 2003. We used 
these eight years as our baseline in order to reduce the influence of any unusual 
temperatures from one year, and because these data are centred on the year 2000. The 
temperature-health relationships in the same city would likely be different between the 
1970s and the 2000s, with differences caused by socioeconomic development, 
demographic change and adaptation strategies, so we decided to use this relatively short 
period as our climate baseline (Huang et al. 2011a). The increases of 1 to 4 °C aimed to 
simulate daily temperatures in 2046–2053, centred on the year 2050. 
 
We calculated the projected temperature-related years of life lost in 2050. The future 
health impacts were based on the non-linear relationships between temperature and years 
of life lost, separately for men and women. We assumed no human physiological 
acclimatisation to higher temperatures. We also assumed that the population size, age 
structure and life expectancy will remain constant, allowing the differences in years of 
life lost to be those due to climate change. Estimates of the burden of heat-related 
mortality due to climate change can be somewhat offset by reductions in cold-related 
mortality (IPCC 2007). We therefore divided our estimates into heat- and cold-related 
years of life lost. 
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The R software (version 2.13.2) (R Development Core Team, Austria) was used to fit all 
models. 
 
4.3 Results 
 
In Brisbane, daily mortality has a strong seasonal pattern, with the highest numbers in 
winter (June–August) and lowest in summer (December–February). When using daily 
mortality counts, we observed a significant effect of season on mortality, even after 
adjusting for daily temperature and humidity. Figure 4-1 shows that, there were higher 
risks of mortality in August for men and in September for women. However, there was no 
seasonal pattern in years of life lost for both men and women. 
 
 
Figure 4-1. The effects of season on mortality risk and years of life lost in Brisbane, 
Australia, 1996–2004 
The solid line shows the mean, and gray areas the 95% confidence intervals. January is 
the reference month.  
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The exposure-response curves between daily mean temperature and years of life lost are 
in Figure 4-2. The curves are U-shaped, with almost the same turning points for men and 
women at 23 °C. For days with a mean temperature of 10 °C, there were 14 years of life 
lost for men (95% CI = –23 to 52 years), and 52 years of life lost for women (95% CI = 
20 to 84 years). For days with a mean temperature of 30 °C, there were 32 years of life 
lost for men (95% CI = 6 to 57 years), and 42 years of life lost for women (95% CI = 20 
to 64 years). We also found comparable results for mortality risks, particularly in terms of 
the general U-shape and turning points. 
 
 
Figure 4-2. The effects of temperature on mortality risk and years of life lost in Brisbane, 
Australia, 1996–2004 
The solid line shows the mean, and gray areas the 95% confidence intervals. The relative 
risk of mortality is shown in a log scale. The reference temperature is 23 °C. 
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Figures 4-3 and 4-4 show the delayed effects of cold and hot temperatures on mortality 
risk and years of life lost. To represent cold days we chose the 5th percentile of daily 
mean temperature of 13 °C (Figure 4-3), and to represent hot days the 95th percentile of 
27 °C (Figure 4-4). Cold was generally associated with longer lasting risk than heat. For 
cold temperatures, the delayed pattern was similar in men and women, with a peak in 
years of life lost two days after exposure. For hot temperatures, the delayed pattern was 
also similar for men and women. The greatest effect of heat occurred on the day of 
exposure, then decreased rapidly, and returned to baseline levels within two days. 
 
 
Figure 4-3. The delayed effects of temperature on mortality risk and years of life lost by 
lag at 13 °C 
The solid line shows the mean, and gray areas the 95% confidence intervals. 13 °C is the 
5th percentile of daily mean temperature used to represent cold temperatures in Brisbane. 
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Figure 4-4. The delayed effects of temperature on mortality risk and years of life lost by 
lag at 27 °C 
The solid line shows the mean, and gray areas the 95% confidence intervals. 27 °C is the 
95th percentile of daily mean temperature used to represent hot temperatures in Brisbane. 
 
 
The estimated temperature-related years of life lost in 2000 and in 2050 are in Table 4-1. 
In 2000, we estimated 3,077 temperature-related years of life lost for men, 616 years of 
life lost due to hot temperatures and 2,461 years of life lost due to cold temperatures. For 
women there were 3,495 temperature-related years of life lost, 903 years of life lost were 
due to hot temperatures and 2,592 years of life lost were due to cold temperatures. 
Assuming a 1 °C temperature increase in 2050, we projected an increase of 1 year of life 
lost for men and a decrease of 99 years of life lost for women, meaning a total decrease of 
98 temperature-related years of life lost. This reduction occurs because the increased 
heat-related years of life lost are offset by the decreased cold-related years of life lost. For 
a 2 °C increase, we projected a total increase of 381 temperature-related years of life lost, 
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as the decreases in cold-related years of life lost will not offset the increases in heat-
related years of life lost. Assuming a 4 °C increase, the health consequences become 
catastrophic, with a projected net increase of 3,242 temperature-related years of life lost 
in 2050 relative to 2000. 
 
Adaptation can reduce vulnerability. People may adapt to higher temperatures through, 
for example, increased use of air conditioning, changing behaviors, and improved 
building design and urban planning (Luber and McGeehin 2008). The greater the future 
adaptation, the less impacts there will be on years of life lost due to climate change. We 
estimated how much adaptation would be needed in order to completely offset the 
potential impacts of climate change. A 2 °C increase requires a 10% reduction in 
population vulnerability to hot temperatures, a 3 °C increase requires 26%, and a 4 °C 
increase requires a significant reduction of 40% (see Supplementary Figure 4-8). 
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Table 4-1. Baseline and projected annual temperature-related years of life lost in Brisbane, Australia 
 
  
Baseline 
Climate change scenario 
  1 °C increase  2 °C increase  3 °C increase  4 °C increase 
  Projection Change  Projection Change  Projection Change  Projection Change 
               
Men 
Hot days 
 616 
(412, 840) 
 1040 
(720, 1349) 
424 
(303, 544) 
 1648 
(1171, 2122) 
1032 
(756, 1315) 
 2466 
(1764, 3149) 
1850 
(1347, 2360) 
 3510 
(2562, 4468) 
2894 
(2105, 3721) 
Cold days 
 2461 
(1498, 3386) 
 2038 
(1238, 2817) 
–423 
(–595, –247) 
 1633 
(959, 2278) 
–828 
(–1148, –495) 
 1255 
(703, 1770) 
–1206 
(–1654, –727) 
 914 
(478, 1321) 
–1547 
(–2123, –940) 
Whole year 
 3077 
(2119, 4002) 
 3078 
(2224, 3879) 
1 
(–202, 211) 
 3281 
(2456, 4054) 
204 
(–204, 631) 
 3721 
(2842, 4589) 
644 
(4, 1323) 
 4424 
(3312, 5552) 
1347 
(416, 2323) 
                
Women 
Hot days 
 903 
(704, 1088) 
 1493 
(1200, 1780) 
590 
(481, 699) 
 2321 
(1878, 2745) 
1418 
(1160, 1679) 
 3413 
(2792, 4056) 
2510 
(2045, 2983 
 4791 
(3920, 5693) 
3888 
(3150, 4627) 
Cold days 
 2592 
(1703, 3349) 
 1903 
(1145, 2629) 
–689 
(–861, –523) 
 1351 
(732, 1925) 
–1241 
(–1561, –925) 
 922 
(433, 1379) 
–1670 
(–2115, –1233) 
 599 
(223, 966) 
–1993 
(–2549, –1441) 
Whole year 
 3495 
(2647, 4384) 
 3396 
(2660, 4121) 
–99 
(–292, 95) 
 3672 
(2964, 4389) 
177 
(–204, 536) 
 4335 
(3527, 5162) 
840 
(250, 1417) 
 5390 
(4386, 6433) 
1895 
(1090, 2727) 
                
Total 
Hot days 
 1519 
(1214, 1821) 
 2533 
(2079, 2978) 
1014 
(840, 1178) 
 3969 
(3272, 4610) 
2450 
(2049, 2845) 
 5879 
(4892, 6827) 
4360 
(3656, 5062) 
 8301 
(6956, 9622) 
6782 
(5675, 7893) 
Cold days 
 5053 
(3759, 6313) 
 3941 
(2851, 4996) 
–1112 
(–1337, –871) 
 2984 
(2082, 3842) 
–2069 
(–2484, –1624) 
 2177 
(1453, 2871) 
–2876 
(–3462, –2255) 
 1513 
(952, 2067) 
–3540 
(–4286, –2753) 
Whole year 
 6572 
(5297, 7809) 
 6474 
(5315, 7590) 
–98 
(–372, 199) 
 6953 
(5801, 8056) 
381 
(–156, 980) 
 8056 
(6804, 9346) 
1484 
(633, 2425) 
 9814 
(8302, 11392) 
3242 
(2011, 4596) 
 
Baseline for the years 1996 to 2003 centred on 2000; projection for the years 2046 to 2053 centred on 2050. Hot days are a daily mean 
temperature above 23 °C, and cold days below 23 °C. We chose this temperature as it was the turning point in the association between 
temperature and years of life lost for both men and women (see Figure 4-2). 95% confidence intervals are shown in parenthesis. 
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4.4 Discussion 
 
When compared to the relative risk of mortality, the measurement of years of life lost 
yields greater contributions for those conditions afflicting the young. This difference is 
fundamental for decision making. Giving the same weight to deaths occurring at very 
different ages may distort policy priorities and resource allocation (Lopez et al. 2006). 
Therefore, an understanding of the impact of temperature on years of life lost will be 
helpful in policy decisions and risk management. 
 
Daily mortality is well known to display a seasonal pattern with excess deaths during the 
winter (Barnett et al. 2008; Wilkinson et al. 2004). Using mortality counts, we observed 
higher risks of mortality in winter for both men and women in Brisbane. However, there 
was no seasonal pattern in years of life lost. This suggests that many of the winter deaths 
occurred in very elderly people, who had fewer remaining life years. So the public health 
significance of winter mortality is reduced when considering years of life lost in place of 
mortality counts. Although it is difficult to entirely separate the effects of cold 
temperatures, which are often measured at longer lags, from seasonality. 
 
Many studies have provided evidence that extreme temperatures are associated with 
short-term increases in daily mortality (Analitis et al. 2008; Anderson and Bell 2009; 
Baccini et al. 2008; McMichael et al. 2008; Medina-Ramon and Schwartz 2007). This 
study adds evidence that extreme temperatures also have a great impact on years of life 
lost. In Brisbane, the population are considered to be acclimatised to hot temperatures, but 
we still found significant increases in years of life lost on hot days. Our study also 
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showed that cold remains an important problem, even in a subtropical city, and should not 
be overlooked by public health authorities. 
 
Understanding of the lag time between temperature exposure and death is important for 
public health authorities and healthcare providers in developing response plans (WHO 
2009). This study demonstrated that the effects of heat on years of life lost were mainly 
limited to recent days of exposure. For cold effects, a longer lasting effect was observed. 
Our results are consistent with the analyses of temperature-mortality studies (Anderson 
and Bell 2009), indicating that heat effects reach their maximum quickly. Hence, only 
timely preventive measures are helpful for reducing the health effects of heat waves in 
summer. This may require better forecasts of extreme heat events, better responses by the 
health systems, and better awareness of the dangers of heat by medical professionals and 
the general public (Hess et al. 2009; WHO 2009). 
 
The Intergovernmental Panel on Climate Change (IPCC) has concluded that warming of 
the climate systems is unequivocal. Although the magnitude of future climate change is 
uncertain, climate models projected that global average temperature will increase between 
1.1 and 6.4 °C by 2100 (IPCC 2007). Climate change will have serious implications for 
public health (Confalonieri et al. 2007). Current methods have not identified the critical 
threshold as a risk indicator of dangerous climate change for health. The recommendation 
from the scientific community and international organizations has been that climate 
change must be limited to a 2 °C increase (Costello et al. 2009). Our projections agree 
with this threshold in terms of temperature-related years of life lost in Brisbane (Table 4-
1). A temperature increase below 1 °C would mean the increased heat-related years of life 
lost are offset by the reduced cold-related years of life lost. A temperature increase above 
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2 °C would mean the balance of the climate change impacts on years of life lost is 
overwhelmingly undesirable, even after considering reduced cold-related years of life 
lost. These increases could be avoided by improved adaptation which reduces the risk of 
heat-related deaths. 
 
Climate change is likely to produce more intense, more frequent and longer lasting heat 
waves (IPCC 2007). This will put additional stress on vulnerable populations and health 
systems (Gasparrini and Armstrong 2011; Hajat et al. 2006). Action to ensure a safe 
climate is an urgent priority. However, even though successful mitigation in greenhouse 
gas emissions can be fulfilled, climate change is still projected to continue (IPCC 2007). 
Therefore, public health adaptation to climate change becomes necessary. Cities may 
want to review if their current healthcare services, public health measures, and 
infrastructures are sufficient to address the potential climate change (Huang et al. 2011b; 
WHO 2009). 
 
Some limitations of this study deserve mention. First, the data we collected were limited 
to one city, which restricts the generalisability of our findings as relationships between 
temperature and years of life lost are likely to vary by location. Second, pre-existing 
frailty may in part explain human vulnerability to extreme temperatures. Those who died 
because of temperature effects may be the most vulnerable members in the population, 
and their life expectancy at death may be shorter than people of the same age, meaning 
we may have overestimated the temperature-related years of life lost. Third, we applied 
the contemporary temperature-health relationship to a future population, which ignores 
the possibility that the relationship will change over time because of an ageing population 
and improvements in housing and healthcare. Fourth, climate change is likely to produce 
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more intense and more frequent heat waves. We did not model the possible added effects 
of heat waves, hence our projections may have underestimated the future years of life lost 
due to climate change. 
 
4.5 Conclusions 
 
In conclusion, this study provides evidence of increased years of life lost due to cold and 
hot temperatures in Brisbane, Australia. Extreme temperatures are known to cause 
increases in the number of deaths, our results demonstrate that they also have significant 
impacts on years of life lost. Assuming a temperature increase more than 2 °C but without 
any level of adaptation, large increases in heat-related years of life lost are projected, and 
the increased heat-related years of life lost will not be offset by decreased cold-related 
years of life lost. 
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Supplementary Material for Chapter 4 
 
 
Supplementary Methods 
 
Accounting for the uncertainty in life expectancy 
 
We used the Australian national life tables for the years 2002–20041 to give the life 
expectancy for each death by matching their age and sex. The life expectancy in the life 
tables is a fixed value. For example, a man dying at age 70 had a life expectancy of a 
further 14.1 years. However, this estimate is uncertain, as some men may live for a longer 
time than this average, and some for a shorter time. 
 
To consider this uncertainty, we randomly generated the life expectancy for each death 
using the following routine: 
 
 Step 1: Set the life expectancy to 0; 
 Step 2: Generate a random death (true/false) using Death = Bernoulli ( P [age at 
death + life expectancy] ), where P [age at death + life expectancy] is the 
proportion of people dying between ages {age at death + life expectancy} and 
{age at death + life expectancy + 1} from the Australian life tables; 
 Step 3: If Death is false then add one year to the life expectancy and repeat step 2; 
 Step 4: If Death is true then the life expectancy is life expectancy + U, where U ~ 
Uniform [0, 1] to simulate a random time of death during the year. 
 114 Chapter 4: Results Paper One 
 
Repeating this routine created a distribution of life expectancy for each age and sex with a 
mean equal to the fixed life expectancy from the life tables. The width of the distribution 
was wider for deaths at younger ages than older ages, reflecting the greater certainty in 
life expectancy for older deaths (see figure below for two examples). 
 
 
 
We created 1,000 datasets with random life expectancies, re-ran the analysis 1,000 times, 
and then generated means and confidence intervals for the estimated effects of season and 
temperature and for the projected changes in years of life lost. All our results using a 
random life expectancy were similar to those based on using a fixed life expectancy, 
except the confidence intervals were slightly wider (around 10% wider). 
 
Distributed lag non-linear model 
 
A distributed lag non-linear model was used to examine the non-linear and delayed 
effects of temperature. In our study, the distributed lag non-linear model was specified 
using the R package dlnm (version 1.4.1)
2
. 
 Chapter 4: Results Paper One 115 
 
We used a natural spline basis with four degrees of freedom for temperature. We assumed 
a maximum lag of 10 days between temperature exposure and death with four degrees of 
freedom. We did not consider models with a lag beyond 10 days because this lag captured 
the majority of the delayed association (see Supplementary Figure 4-6). 
 
We adjusted for long-term trend using a natural spline with four degrees of freedom, and 
adjusted for season (month) and day of the week using categorical variables. We adjusted 
for daily humidity using a linear term with a maximum lag of 10 days. 
 
The regression model was: 
 
                                                       
                                    
 
where t is the day;      is the total years of life lost on day t;             is a natural 
spline with four degrees of freedom for long-term trend;       is the month;      is 
the day of the week;                      is a two-dimensional natural spline with 
four degrees of freedom for temperature and four degrees of freedom for lag up to 10 
days;                 is a linear effect of humidity lagged up to 10 days using a natural 
spline with two degrees of freedom. 
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Incorporating adaptation 
 
We assumed that adaptation can reduce population vulnerability to hot temperatures, and 
therefore adaptation would decrease the heat slope of the association between temperature 
and years of life lost. To estimated how much adaptation would be needed to completely 
offset the potential impacts of climate change, we used the following equations: 
 
                              
where               is the projected years of life lost after accounting for future 
adaptation, and             is the baseline years of life lost for the years 1996 to 2003. 
 
                    
 
   
 
where 
 
       
              
                
  
where       is the estimated smooth function of temperature on day t, and A is the 
adaptation needed to offset the excess years of life lost due to climte change (A 1), and 
the adaptation needed in percent is 100 × (1– A).  
 
We found the value of A needed to offset each climate change projection (1 to 4 °C) by 
plotting                           against A = 0.99, 0.98, 0.97, ... , 0.2 (see 
Supplementary Figure 4-9). 
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Sensitivity analyses 
 
We applied several sensitivity analyses. We obtained daily air pollution data from the 
Queensland Environmental Protection Agency, which included the maximum 1-hour 
average concentrations of ozone (O3), nitrogen dioxide (NO2), and the ambient 24-hour 
average concentration of particulate matter less than 10 μm in aerodynamic diameters 
(PM10). Daily pollution data were extracted from the QUT and Rocklea monitoring 
stations and averaged. When daily data were missing for these two stations (less than 
3%), data recorded from eight other stations in Brisbane were used to compute the daily 
average values. To check for confounding by air pollution, we adjusted for daily O3, NO2 
and PM10 using a linear spline with a maximum lag of 10 days (see Supplementary Figure 
4-4). 
 
To check our control for season and trend, we fitted a natural spline with 7 degrees of 
freedom per year for trend and season (see Supplementary Figure 4-5). To check for 
longer temperature effects, we modelled lagged effects beyond 10 days (see 
Supplementary Figure 4-6). To check the flexibility of our temperature model, we varied 
the degrees of freedom for temperature. We considered 3, 5 and 6 degrees of freedom for 
temperature (see Supplementary Figure 4-7 and Supplementary Table 4-2). 
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Supplementary Table 4-1. Summary statistics for daily mortality, years of life lost, 
weather, and air pollution in Brisbane, Australia, 1996–2004 
   Percentile  
 Mean (SD) Min 25th 50th 75th Max 
       
Daily mortality data       
  Men 8.2 (2.9) 1 6 8 10 20 
  Women 8.5 (3.1) 1 6 8 10 30 
  Total 16.7 (4.5) 5 14 16 20 43 
       
Years of life lost per day       
  Men 117.8 (55.5) 3.7 77.2 112.0 149.5 363.6 
  Women 101.1 (47.0) 6.0 67.1 95.4 129.8 372.5 
  Total 218.9 (73.2) 37.3 166.1 213.3 265.2 578.9 
       
Daily weather data       
  Mean temperature (°C) 20.5 (4.3) 9.6 16.9 20.7 23.8 34.5 
  Maximum temperature (°C) 26.4 (4.0) 13.5 23.3 26.4 29.2 41.8 
  Minimum temperature (°C) 14.5 (5.3) –0.9 10.6 15.2 18.6 27.1 
  Relative humidity (%) 52.2 (15.1) 12 43 51 60 100 
       
Daily air pollution data       
  O3 (ppb) 32.0 (11.3) 3.5 25.0 30.0 37.0 116.0 
  NO2 (ppb) 22.6 (8.6) 4.5 16.0 21.5 28.0 60.5 
  PM10 (µg/m
3
) 18.5 (6.9) 4.7 14.0 17.5 24.5 97.9 
 
SD: standard deviation; O3: ozone; NO2: nitrogen dioxide; PM10: particulate matter less 
than 10 μm in aerodynamic diameters; ppb: parts per billion. 
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Supplementary Figure 4-1. Long-term trends in total years of life lost per day in 
Brisbane, Australia, 1996–2004 
 
       
 
Daily total years of life lost for both men and women decreased over time, suggesting a 
steady rise of life expectancy in Brisbane, Australia. There was a reduction of 
approximately 20 years of life lost per day for men and 15 years of life lost per day for 
women between 1996 and 2004. This reduction was likely attributed to improving social 
conditions and advances in medical technology
3
. 
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Supplementary Figure 4-2. Three-dimensional plots of daily total years of life lost by 
temperature and lag 
 
       
 
The 3-D plots show the sharp increase in years of life lost due to hot temperatures at short 
lags for both men and women in Brisbane, Australia. The overall increased years of life 
lost due to cold temperatures are mostly attributable to the rise from 2 days lag. 
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Supplementary Figure 4-3. Residual checks for the regression models (Histogram, 
scatter plot against time, and cumulative periodogram test) 
 
S4-3a. Residuals for men 
 
 
S4-3b. Residuals for women 
 
 
The residuals have a slightly positive skew, but not enough to cause any concern about 
using a Normal model. The cumulative periodogram test examines the independence of 
the residuals over time. If the residuals are independent then the black line will be 
diagonal and within the limits (dotted blue lines). The cumulative periodogram test shows 
the independence of the residuals over time. 
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Supplementary Figure 4-4. The association between temperature and years of life lost 
after adjusting for air pollutants 
 
S4-4a. Adjusting for daily O3 
       
 
S4-4b. Adjusting for daily NO2 
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S4-4c. Adjusting for daily PM10 
       
 
These figures show that the association between temperature and years of life lost did not 
change after adjusting for daily O3, NO2 or PM10. This suggested that the confounding 
effects of air pollution are relatively small, and there are independent effects of air 
pollution and temperature on years of life lost in Brisbane, Australia. 
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Supplementary Figure 4-5. Modelling trend and season using 7 degrees of freedom per 
year (left column), and the effect on the association between temperature and years of life 
lost (right column) 
       
       
 
The associations between temperature and years of life lost shown above are almost 
identical to the results that adjusted for long-term trend using 4 degrees of freedom and 
for season using a categorical month variable. 
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Supplementary Figure 4-6. The association between temperature and years of life lost 
(left column) and the association by lag days for a relatively cold and hot temperature 
(right column) using maximum lags of 14, 21 and 30 days 
 
S4-6a. Using a maximum lag of 14 days 
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S4-6b. Using a maximum lag of 21 days 
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S4-6c. Using a maximum lag of 30 days 
       
       
 
The results presented in the paper use a maximum lag of 10 days. The purpose of the 
above plots is to check whether a longer lag is needed. The associations between 
temperature and years of life lost shown above (left column) are almost the same as using 
a maximum lag of 10 days (Figure 4-2 in the paper). The confidence intervals for men are 
noticeably wider when using the longest lag of 30 days, which reflects the uncertainty in 
using such a long exposure. We believe that a lag of 10 days captures the majority of the 
delayed effects of temperature for both cold and heat in Brisbane, Australia.  
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Supplementary Figure 4-7. The association between temperature and years of life lost 
using different degrees of freedom for temperature 
 
S4-7a. Using 3 degrees of freedom for temperature 
       
 
S4-7b. Using 5 degrees of freedom for temperature 
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S4-7c. Using 6 degrees of freedom for temperature 
       
 
The associations between temperature and years of life lost did not change greatly 
according to the assumed degrees of freedom. Using 6 degrees of freedom produced very 
―wiggly‖ associations which are hard to support. 
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Supplementary Table 4-2. Baseline and projected mean annual temperature-related years of life lost using different degrees of freedom for 
temperature in Brisbane, Australia 
 
 
  
Baseline 
Climate change scenario 
   1 °C increase  2 °C increase  3 °C increase  4 °C increase 
   Projection Change  Projection Change  Projection Change  Projection Change 
                
3 degrees of freedom 
for temperature 
Men  3002  2998 –4  3203 201  3643 641  4340 1338 
Women   3367  3287 –80  3538 171  4125 758  5052 1685 
Total  6369  6285 –84  6741 372  7768 1399  9392 3023 
                
5 degrees of freedom 
for temperature 
Men  1871  1850 –21  2055 184  2579 708  3511 1640 
Women   2872  2791 –81  3074 202  3749 877  4837 1965 
Total  4743  4641 –102  5129 386  6328 1585  8348 3605 
                
6 degrees of freedom 
for temperature 
Men  –1439  –1437 2  –1068 371  –260 1179  1063 2502 
Women   1245  1173 –72  1535 290  2345 1100  3618 2373 
Total  –194  –264 –70  467 661  2085 2279  4681 4875 
 
Baseline years are 1996 to 2003 centred on 2000, and projection years are 2046 to 2053 centred on 2050. We defined hot days as a daily 
mean temperature above 23 °C, and cold days as a daily mean temperature below 23 °C. 
This table shows that using more degrees of freedom for temperature resulted in greater impacts of climate change on years of life lost. 
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Supplementary Figure 4-8. Adaptation scenarios for completely offsetting the impacts 
of climate change. The solid line shows the baseline association with no adaptation. The 
dashed and dotted lines show selected percent reductions in the effects of hot 
temperatures due to future adaptation. 
 
 
 
Our projected future temperature-related years of life lost due to climate change 
(presented in the paper, Table 4-1) were based on no future adaptation. However, 
adaptation can reduce population vulnerability to hot temperatures. This adaptation may 
occur through, for instance, increased use of air conditioning, implementing heat health 
warning systems, improved building design and urban planning, and changing human 
behaviours to spend less time outside thereby reducing expoures to heat. The greater the 
future adaptation, the less impacts there will be on years of life lost due to climate change.  
 
To offset a 2 °C temperature increase, we would need a 10% reduction in population 
vulnerability to hot temperatures. To offset a 3 °C temperature increase, we would need a 
26% reduction. To offset 4 °C temperature increase, we would need a considerable 40% 
reduction. 
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Supplementary Figure 4-9. Projected years of life lost against future adaptation. The 
percent adapation needed to offset the projected years of life lost occurs where the slopes 
cross the horizontal dotted line at zero. 
 
 
 
 
   
 Chapter 4: Results Paper One 133 
Supplementary References 
 
1 Australian Bureau of Statistics. Life Tables, Australia, 2002-2004  
<http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/3302.0.55.0012002-
2004?OpenDocument> (2005). 
2 Gasparrini, A. & Armstrong, B. Distributed lag non-linear models in R: the 
package dlnm (version 1.4.1). (2011). 
3 Australian Bureau of Statistics. Life Expectancy Trends — Australia, 
<http://www.abs.gov.au/AUSSTATS/abs@.nsf/Lookup/4102.0Main+Features10
Mar+2011> (2011). 
 
 
  
 134 Chapter 4: Results Paper One 
 
 
 Chapter 5: Results Paper Two 135 
Chapter 5: Results Paper Two 
 
Effects of Extreme Temperatures on Years of Life Lost for Cardiovascular Deaths 
 
Citation: Huang C, Barnett AG, Wang X, Tong S. 2012. Effects of extreme temperatures 
on years of life lost for cardiovascular deaths: a time series study in Brisbane, Australia. 
Circulation: Cardiovascular Quality and Outcomes 5(5):609–614. 
 
Author contributions: ST contributed to the acquisition of data. CH and AGB 
contributed to the research design and data analyses. CH led in writing the paper, 
developing this with inputs from all authors. 
 
 
  
 136 Chapter 5: Results Paper Two 
ABSTRACT 
 
Background—Extreme temperatures are associated with cardiovascular disease (CVD) 
deaths. Previous studies have investigated the relative CVD mortality risk of temperature, 
but this risk is heavily influenced by deaths in frail elderly persons. To better estimate the 
burden of extreme temperatures we estimated their effects on years of life lost due to 
CVD.  
Methods and Results—The data were daily observations on weather and CVD mortality 
for Brisbane, Australia between 1996 and 2004. We estimated the association between 
daily mean temperature and years of life lost due to CVD, after adjusting for trend, 
season, day of the week, and humidity. To examine the non-linear and delayed effects of 
temperature, a distributed lag non-linear model was used. The model‘s residuals were 
examined to investigate if there were any added effects due to cold spells and heat waves. 
The exposure-response curve between temperature and years of life lost was U-shaped, 
with the lowest years of life lost at 24 °C. The curve had a sharper rise at extremes of heat 
than of cold. The effect of cold peaked two days after exposure, whereas the greatest 
effect of heat occurred on the day of exposure. There were significantly added effects of 
heat waves on years of life lost.  
Conclusions—Increased years of life lost due to CVD are associated with both cold and 
hot temperatures. Research on specific interventions is needed to reduce temperature-
related years of life lost from CVD deaths.  
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5.1 Introduction 
 
Climate change has created a growing interest in the associations between weather and 
health (Huang et al. 2011a; Luber and McGeehin 2008). Epidemiological studies have 
shown that ambient temperature has short-term effects on overall mortality, with a 
generally U-shaped relationship because of the increased risks in cold and hot weather 
(Hajat and Kosatsky 2010; O'Neill and Ebi 2009). Extended periods of extreme 
temperatures, known as cold spells and heat waves, have also been associated with peaks 
in mortality (Le Tertre et al. 2006; Revich and Shaposhnikov 2008). The effects of 
extreme temperatures may last for many days, especially for cold weather where the 
effects can be delayed by weeks (Goldberg et al. 2011; Rocklöv and Forsberg 2008).  
 
The harmful effects of cold and heat are strongly apparent in cardiovascular disease 
(CVD) (Basu 2009; Bhaskaran et al. 2009). In many countries CVD is the leading cause 
of death and accounts for a large proportion of the total burden of disease (Go et al. 2008; 
Moran et al. 2010; Stewart et al. 2010). The well known risk factors for CVD are tobacco 
smoking, risky alcohol consumption, poor diet, insufficient physical activity, high blood 
pressure and cholesterol, obesity and diabetes (WHO 2007). However, other 
environmental factors, such as ambient temperature and air pollution, also play a role 
(Gerber et al. 2006; von Klot et al. 2005). Changes in cholesterol levels and the response 
of autonomic nervous system have been reported to increase CVD events during 
temperature extremes, which is a particular concern among older adults with limited 
cardiovascular reserve (Cheng and Su 2010; Halonen et al. 2010; Ren et al. 2011).  
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Previous studies have investigated the relative mortality risk of temperature on CVD 
(Anderson and Bell 2009; Basu and Ostro 2008; Kolb et al. 2007). However, this risk is 
heavily influenced by deaths among elderly persons. If most temperature-related CVD 
deaths occur in people with a short life expectancy, then temperature exposure would be 
less of a public health concern (Hajat et al. 2005). Conversely, if many temperature-
related CVD deaths are among people with a longer life expectancy, then this would 
increase the current concern, especially in light of the impending higher temperatures 
because of climate change (Huang et al. 2012).  
 
Years of life lost is a measure of disease burden that uses the life expectancy at death, and 
so gives more weight to deaths among younger people compared to the traditional 
measure of relative mortality risk that weights all deaths equally (Lopez et al. 2006). In 
this study we examined the effects of temperature on years of life lost due to CVD using 
data from Brisbane, Australia. We also investigated whether there were any added effects 
of extreme cold spells and heat waves.  
 
5.2 Methods 
 
5.2.1 Data Source 
 
Brisbane is the state capital of Queensland, Australia. It is Australia‘s third largest city 
with a population of 896,649 in 2001(Australian Bureau of Statistics 2012). It has a 
subtropical climate with hot, humid summers and mild, dry winters.  
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Daily mortality data from 1st January 1996 to 30th November 2004 were requested from 
the Office of Economic and Statistical Research of the Queensland Treasury. All deaths 
were residents of Brisbane. The data were the latest available at the time of our request, 
which included date of death, sex, age, and cause of death. Causes of deaths were 
classified according to the International Classification of Diseases (ICD), 9th Revision for 
1996 (ICD-9 codes: 390–459) and 10th Revision for 1997–2004 (ICD-10 codes: I00–
I99). We used a fixed life expectancy to estimate the years of life lost for each CVD death 
by matching their age and sex with the Australian life table data from 1996 to 2004 
(Australian Bureau of Statistics 1999, 2001, 2003, 2005). According to these Australian 
life tables, for example, a man aged 50 in 1996 had a life expectancy of 28.8 years 
(Australian Bureau of Statistics 1999), and a woman aged 80 in 2004 had a life 
expectancy of 9.8 years (Australian Bureau of Statistics 2005). The daily total years of 
life lost was the sum of the years of life lost for all CVD deaths on the same day. To give 
the estimates on more comparable scales, we also standardized the years of life lost to a 
million people using the 2001 population data. We assumed a roughly stable population at 
risk as we examined all CVD deaths for the whole Brisbane. 
 
Daily weather data were provided by the Australia Bureau of Meteorology. We used daily 
values of maximum temperature, minimum temperature and relative humidity from the 
Archerfield station located near the city centre. Daily mean temperature was the average 
of the daily maximum and minimum temperature. When daily weather data were missing 
for Archerfield (less than 2%), data from Brisbane Airport were used. Daily air pollution 
data were obtained from the Queensland Environmental Protection Agency, which 
included the maximum 1-hour average concentrations of ozone (O3) and nitrogen dioxide 
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(NO2), and the ambient 24-hour average concentration of particulate matter with 
diameters less than 10 μm (PM10).  
 
5.2.2 Defining a Cold Spell and Heat Wave 
 
There are no standard definitions of a cold spell or heat wave, but most are based on 
extreme cold and heat over a period of days (Peng et al. 2011; WHO 2009). To define 
cold spells and heat waves, we used a combination of intensity and duration: (1) Intensity: 
the 1st percentile of daily mean temperature (11.7 °C) as the cold threshold, and the 99th 
percentile of daily mean temperature (29.2 °C) as the heat threshold; (2) Duration: a 
minimum of 2 to 4 consecutive days with temperatures below or above the thresholds.  
 
5.2.3 Data Analysis 
 
We used regression models to investigate the association between temperature and years 
of life lost. The dependent variable was the total years of life lost due to CVD on each 
day.  
 
Stage-one: Quantify the general effects of daily temperatures 
 
A distributed lag non-linear model was used to estimate the association between daily 
mean temperature and daily total years of life lost due to CVD (Gasparrini et al. 2010). 
To capture the non-linear effects of temperature, we used a natural spline with four 
degrees of freedom. Four degrees of freedom allow a non-linear U-shaped association 
that is also asymmetrical with possibly stronger effects at temperature extremes. To 
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capture the delayed effects of temperature, we assumed a maximum lag of 10 days 
between exposure and death, and this lag was modelled using a natural spline with four 
degrees of freedom. We adjusted for long-term trends in CVD mortality using a natural 
spline with four degrees of freedom. We adjusted for seasonal patterns (by month) and 
day of the week using categorical variables. We adjusted for daily humidity using a linear 
term with a maximum lag of 10 days. We plotted the mean and 95% confidence intervals 
(CIs) for the estimated years of life lost per day against daily mean temperature. The 
residuals were checked to evaluate the adequacy of the model, by ensuring they were 
approximately normally distributed and independent over time.  
 
Stage-two: Examine the added effects of heat waves and cold spells 
 
The excess mortality during prolonged extreme temperatures is often greater than the 
predicted using smoothed temperature-mortality association (Gasparrini and Armstrong 
2011b; Hajat et al. 2006). This is because sustained period of extreme temperatures 
produce an extra effect beyond that predicted by daily temperatures. To investigate the 
potential added effects of heat waves and cold spells, we analysed the residuals from our 
stage-one model. This stage-two model ensures that we estimate the extra effects of 
extreme events after removing the general effects of temperature (Barnett et al. 2012). 
The heat wave and cold spell were defined as binary yes or no variables on each day. For 
example, if January 25 and 26 in 2004 were days with mean temperatures above the heat 
threshold, then January 26 would have a value of ―yes‖ for heat wave. January 25 would 
not be a heat wave day because we defined a heat wave as a sustained period of extreme 
temperatures for two or more days. We assumed a maximum lag of 10 days for the 
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delayed effects of heat waves and cold spells. We compared the years of life lost on 
extreme temperature days with non-extreme days.  
 
5.2.4 Sensitivity Analysis 
 
We carried out several sensitivity analyses. We stratified the analyses by gender. We 
adjusted for three air pollutants (O3, NO2 and PM10), assuming a maximum lag of 10 days 
between exposure and death. We used the Akaike information criterion (AIC) as a 
measure of model fit to determine if any pollutants should be adjusted for as confounders. 
We considered alternative definitions for cold spells and heat waves. We used the 2nd 
percentile (12.3 °C), 3rd percentile (12.6 °C), and 5th percentile (13.3 °C) of daily mean 
temperature as a cold threshold, and the 98th percentile (28.5 °C), 97th percentile (27.9 
°C), and 95th percentile (27.1 °C) of daily mean temperature as a heat threshold.  
 
All statistical analyses were performed using the R software (version 2.13.2) (R 
Development Core Team, Austria). The distributed lag non-linear models were fitted 
using the R package dlnm (version 1.4.1) (Gasparrini and Armstrong 2011a).  
 
5.3 Results 
 
5.3.1 Characteristics of Daily Mortality, Years of Life Lost, and Ambient 
Temperature 
 
Summary statistics for daily mortality and years of life lost in Brisbane are in Table 5-1. 
Deaths due to CVD (7 deaths per day) accounted for more than 40% of total mortality (17 
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deaths per day), representing the most frequent cause of death. There were 65 years of life 
lost per day due to CVD and 219 years of life lost per day for total mortality (per one 
million people the years of life lost per day were 72 due to CVD and 243 for total 
mortality). The average daily mean temperature in Brisbane was 20.5 °C, with the 
minimum at 9.6 °C and the maximum at 34.5 °C (Supplemental Table 5-1).  
 
5.3.2 Association of Temperature and Years of Life Lost 
 
The exposure-response curve between daily mean temperature and years of life lost due 
to CVD is in Figure 5-1. The curve is U-shaped, with the lowest years of life lost at 24 
°C. For days with a mean temperature of 10 °C, there were 31 years of life lost per day 
(95% CI: 11 to 52 years). There were 45 years of life lost per day for a mean temperature 
of 32 °C (95% CI: 22 to 67 years). The exposure-response curve has a sharper rise at 
extremes of heat than of cold.  
 
Several sensitivity analyses were performed. We stratified our analyses by gender, but the 
exposure-response curves for men and women were similar (Supplemental Figure 5-7). 
We adjusted for daily air pollutants O3, NO2 and PM10 as potential confounders, but the 
effects of temperature on years of life lost did not change (Supplemental Figure 5-8). The 
model with the lowest AIC was the model without any of these air pollutants, we 
therefore did not include any pollutants in our final model.  
 
 
 144 Chapter 5: Results Paper Two 
Table 5-1. Summary statistics for daily deaths and years of life lost in Brisbane, Australia 
between 1996 and 2004 (data on 3,257 consecutive days)  
  Percentile  
Total  Mean (SD) 25th 50th 75th 
Number of deaths per day      
  All deaths 16.6 (4.5) 14 16 20 53,838 
      By sex      
        Men 8.1 (2.9) 6 8 10 26,274 
        Women 8.5 (3.1) 6 8 10 27,564 
      By age group (years)      
        0–64 3.0 (1.6) 2 3 4 9,746 
        65–84 8.1 (3.0) 6 8 10 26,477 
        85+ 5.4 (2.5) 4 5 7 17,615 
      
  CVD deaths 7.0 (2.9) 5 7 9 22,842 
      By sex      
        Men 3.1 (1.8) 2 3 4 9,988 
        Women 3.9 (2.1) 2 4 5 12,854 
      By age group (years)      
        0–64 0.6 (0.6) 0 0 2 1,901 
        65–84 3.4 (1.9) 2 3 5 10,961 
        85+ 3.1 (1.8) 2 3 4 9,980 
      
Years of life lost per day      
  All deaths 219 (73.2) 166 213 265 713,091 
      By sex      
        Men 118 (55.5) 77 112 150 383,806 
        Women 101 (47.0) 67 95 130 329,285 
      By age group (years)      
        0–64 102 (59.8) 61 98 141 332,508 
        65–84 90 (35.5) 65 87 113 294,411 
        85+ 27 (12.5) 18 25 34 86,172 
      
  CVD deaths 65 (32.8) 42 61 84 212,590 
      By sex      
        Men 32 (23.2) 15 28 45 105,578 
        Women 33 (21.6) 17 29 45 107,012 
      By age group (years)      
        0–64 16 (22.6) 0 0 27 53,380 
        65–84 34 (20.1) 19 32 47 112,190 
        85+ 14 (9.0) 8 13 20 47,020 
      
Age at death      
  All deaths 76 (16.1) 70 80 87  
        Men 72 (16.8) 65 76 84  
        Women 79 (14.6) 74 83 89  
      
  CVD deaths 81 (11.6) 76 83 89  
        Men 77 (12.4) 71 79 86  
        Women 84 (9.9) 80 86 90  
SD: standard deviation. The total population for Brisbane was 896,649 in 2001. 
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Figure 5-1. The effects of temperature on years of life lost due to CVD in Brisbane, 
Australia between 1996 and 2004 (solid line) with 95% confidence intervals (gray area).  
The lines along the x-axis show the observed daily mean temperatures. The reference 
temperature is 24 °C.  
 
 
5.3.3 The Delayed Effects of Temperature 
 
Figure 5-2 shows the delayed effects of cold and hot temperatures on years of life lost due 
to CVD. We used the 1st percentile of temperature at 12 °C to represent a cold day, and 
the 99th percentile of temperature at 29 °C to represent a hot day. Cold effects lasted 
longer than heat effects. The greatest effect of heat occurred in the first day of exposure, 
then decreased rapidly, and returned to baseline levels within five days. The cold effect 
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reached a peak two days after exposure, and then declined slightly with a delayed effect 
even after 10 days.  
 
 
Figure 5-2.  The delayed effects of temperature on years of life lost due to CVD in 
Brisbane, Australia by lag (solid line) with 95% confidence intervals (gray area).  
12 °C is the 1st percentile of daily mean temperature representing a cold day, and 29 °C is 
the 99th percentile representing a hot day.  
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5.3.4 The Added Effects of Heat Waves and Cold Spells 
 
Table 5-2 shows years of life lost due to the added effects of heat waves and cold spells in 
those days matching our definitions. Using a heat wave definition of 2 days‘ temperature 
above the 99th percentile meant 85 years of life lost  per day for CVD deaths (95% CI: 40 
to 129 years). For a longer duration of 4 days, there were 264 years of life lost per day 
during heat waves (95% CI: 62 to 466 years). There was no significant increase in years 
of life lost for CVD deaths during cold spells. Sensitivity analyses using leave-one-out 
method and using different heat wave and cold spell definitions confirmed these findings 
(Supplemental Tables 5-4 and 5-5).  
 
Table 5-2. Years of life lost due to the added effect of heat waves and cold spells in 
Brisbane, Australia between 1996 and 2004 
Number of 
consecutive days 
 Heat waves  Cold spells 
 Days Years of life lost 95% CI  Days Years of life lost 95% CI 
≥ 2  9 85 40, 129  9 –6 –51, 39 
≥ 3  4 135 51, 220  4 11 –56, 78 
≥ 4  1 264 62, 466  2 44 –60, 148 
We defined that a heat wave event is a minimum of 2 to 4 consecutive days with 
temperatures above the 99th percentile of daily mean temperature (29.2 °C), and a cold 
spell event is a minimum of 2 to 4 consecutive days with temperatures below the 1st 
percentile of daily mean temperature (11.7 °C). CI: confidence interval. 
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5.4 Discussion 
 
Mortality data are important for health risk assessments because they generally cover the 
whole population and include key characteristics of deaths. In this study, we considered 
deaths where CVD was the underlying cause. We used years of life lost to estimate the 
burden of temperature on CVD mortality. We found that the association between 
temperature and years of life lost due to CVD was U-shaped, with increased years of life 
lost attributable to cold and hot temperatures. We also observed significant added effects 
of heat waves, with between 85 and 264 years of life lost per day depending on the 
severity of heat waves. 
 
The majority of previous studies have examined the relative risk of temperature-related 
mortality (Basu 2009; Hajat and Kosatsky 2010). However, mortality risk does not 
account for deaths at different ages. Years of life lost is a useful measure for assessing 
premature mortality, which represents the preventable loss of life years (Aragón et al. 
2008; Lopez et al. 2006). Understanding how temperature exposure impacts on years of 
life lost will be helpful for ranking the health risks against other exposures.  
 
Ambient temperature is an important determinant of human health. Exposure to extreme 
temperatures can act as a trigger for CVD events due to changes in blood pressure, blood 
viscosity, blood cholesterol and heart rate (Bhaskaran et al. 2009; Halonen et al. 2010; 
Ren et al. 2011). Cold weather is well known to be associated with a variety of autonomic 
responses in humans, including peripheral vasoconstriction, shivering, and increased 
blood pressure and heart rate. In patients suffering from ischemic heart disease, exposure 
to cold may cause a decrease in coronary blood flow, which could contribute to coronary 
 Chapter 5: Results Paper Two 149 
spasm, chest pain and even myocardial infarction (Mercer et al. 1999; Sun 2010; Wolf et 
al. 2009). Heat has also been found to induce profound physiologic changes such as an 
increase in blood viscosity and cardiac output leading to dehydration, hypotension, and 
even endothelial cell damage. When the temperature rises, the heat balance of the body is 
generally restored by increased blood flow to the skin and by sweating. These responses 
may overload the heart and cause haemoconcentration, which could lead to coronary and 
cerebral thrombosis (Cheng and Su 2010; Donaldson et al. 2003).  
 
Understanding the lag time between temperature exposure and years of life lost is 
important for health care providers to develop response plans for extreme temperature 
events (Anderson and Bell 2009; Huang et al. 2012). This study showed that the greatest 
effect of cold on years of life lost was not acute, but occurred two days later. Conversely, 
the greatest effect of heat occurred on the day of exposure, and the effect was limited to 
five days after exposure. Hence, health care providers should expect an immediate 
increase in ambulance call-outs and hospital admissions during hot weather.  
 
A significant added effect of heat waves implies that an extra risk arises when the 
exposure to extreme heat is sustained for two or more days (Table 5-2). However, there 
was no added effect of cold spells. It might be that people took better protective actions 
during prolonged cold weather. Such evidence may shed new light on future changes in 
years of life lost related to global climate change. It is likely that climate change will 
produce more frequent, more intense and longer lasting heat waves (IPCC 2007), and 
consequently put additional stress on vulnerable people such as the elderly and those with 
pre-existing CVD. Furthermore, with the trends in increasing rates of obesity and related 
conditions including diabetes, CVD will continue to have a major impact on population 
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health in terms of prevalence, morbidity and mortality (Roger and O'Donnell 2012; WHO 
2007). The growing size of this vulnerable population could mean that the future disease 
burden of temperature will increase.  
 
Temperature extremes can aggravate existing health conditions and ultimately accelerate 
the death of patients (Luber and McGeehin 2008; WHO 2009). It is important to create 
greater awareness of the dangers of extreme temperatures, particularly heat waves, to 
inform the public about how to minimize their risks. Advice on avoiding and managing 
temperature-related deaths could be distributed via the media. Further individual level 
studies collecting clinic, behavioral and demographic data may help elucidate which 
subgroups are likely to be the most vulnerable, and to clarify the role of adaptive 
measures such as air conditioning (Bhaskaran et al. 2010). Doctors would then be able to 
give evidence-based advice to their CVD patients.  
 
Climate change will create more stress on health systems through increased frequency 
and intensity of heat waves (Huang et al. 2011a; O'Neill and Ebi 2009; Peng et al. 2011). 
Health systems can be challenged when they strive to achieve maximum coverage of the 
population. Therefore, health service delivery needs to be assured during extreme heat 
events. Hospitals and emergency departments may adapt their procedures to meet the 
added demands, such as reducing elective services to free-up staff and beds, and treating 
patients in nontraditional locations (Knowlton et al. 2009). However, in the long run, 
reducing climate change-related years of life lost for CVD deaths has to be achieved 
through improved responses that come from integrating the emergency preparedness and 
disaster risk reduction throughout society (Hess et al. 2009; Huang et al. 2011b).  
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Strengths and Limitations 
 
To the best of our knowledge, this is the first study to examine the effects of temperature 
on years of life lost for CVD deaths. Our two-stage approach also allows a more accurate 
estimation of temperature effects by making a distinction between effects from 
independent daily temperatures and from the duration of prolonged extreme temperatures. 
Several sensitivity analyses confirmed that our main conclusions were robust to changes 
in the model‘s specification.  
 
The study has some limitations. First, the data were limited to one city, which makes our 
results hard to generalize to other communities. The associations between temperature 
and years of life lost due to CVD are likely to be different for other geographic locations 
as a result of population acclimatization and socio-demographic differences. Second, 
temperature measures collected from one monitoring station may not represent individual 
exposures, creating a potential misclassification of exposure for those persons who died 
far from the station. Third, we have only considered the deaths where CVD was the 
underlying cause. However, to see whether people with CVD are more susceptible to 
extreme temperatures, we would need to separately investigate people with and without 
pre-existing CVD.  
 
5.5 Conclusions 
 
This study shows evidence that ambient temperature is associated with years of life lost 
due to CVD in a subtropical city in Australia. We also found significant added effects 
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from prolonged extreme heat events. In order to reduce the temperature-related years of 
life lost for CVD deaths, research on specific interventions are needed. 
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Supplementary Material for Chapter 5 
 
 
Supplemental Methods 
 
Stage-one model 
To examine the non-linear and delayed effects of temperature, we used a 
distributed lag non-linear model. The model was: 
 
                                                        
                                      
 
where t is the day of the observation;      is the total years of life lost due to CVD on 
day t;    is the model intercept;             is a natural spline with four degrees of 
freedom for long-term trend;       is the categorical month with a reference month of 
January;      is the categorical day of the week with a reference day of Sunday; 
                     is a two-dimensional natural spline with four degrees of freedom 
for temperature and four degrees of freedom for lagged effects up to 10 days; 
                is a linear effect of humidity with lagged effects up to 10 days modeled 
using a natural spline with two degrees of freedom. 
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Stage-two model 
To investigate the potential added effects of cold spells and heat waves, we 
analyzed the residuals from the stage-one model using: 
 
                                           
 
where      is the estimated total years of life lost on day t from the stage-one model;    
is a binary variable indicating a cold spell day; and    is a binary variable indicating a 
heat wave day. 
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Supplemental Table 5-1.  Summary statistics for daily weather and air pollution in 
Brisbane, Australia between 1996 and 2004 
   Percentile  
 Mean (SD) Min 25th 50th 75th Max 
Daily weather data       
  Mean temperature (°C) 20.5 (4.3) 9.6 16.9 20.7 23.8 34.5 
  Maximum temperature (°C) 26.4 (4.0) 13.5 23.3 26.4 29.2 41.8 
  Minimum temperature (°C) 14.5 (5.3) –0.9 10.6 15.2 18.6 27.1 
  Relative humidity (%) 52 (15.1) 12 43 51 60 100 
Daily air pollution data       
  O3 (ppb) 32 (11.3) 4 25 30 37 116 
  NO2 (ppb) 23 (8.6) 5 16 22 28 61 
  PM10 (µg/m
3
) 19 (6.9) 5 14 18 25 98 
 
SD: standard deviation; O3: ozone; NO2: nitrogen dioxide; PM10: particulate matter less 
than 10 μm in aerodynamic diameter; ppb: parts per billion. 
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Supplemental Table 5-2.  Spearman correlations for daily weather and air pollution 
Parameter 
Spearman correlation coefficient 
Mean 
temp 
Max 
temp 
Min 
temp 
Rel. 
humid. 
O3 NO2 PM10 
  Mean temperature (°C) 1.00 0.91 0.95 0.16 0.16 –0.59 0.07 
  Maximum temperature (°C)  1.00 0.73 –0.12 0.38 –0.42 0.15 
  Minimum temperature (°C)   1.00 0.40 0.02 –0.65 0.00 
  Relative humidity (%)    1.00 –0.44 –0.21 –0.16 
  O3 (ppb)     1.00 0.16 0.16 
  NO2 (ppb)      1.00 0.13 
  PM10 (µg/m
3
)       1.00 
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Supplemental Figure 5-1.  The effects of long-term trend on years of life lost for CVD 
deaths in Brisbane, Australia between 1996 and 2004 (solid line) with 95% confidence 
intervals (dashed line). Reference at center. 
 
 
Daily total years of life lost due to CVD decreased over time in Brisbane, Australia. This 
decrease can be attributed to improvements in prevention and detection of cardiovascular 
disease, and better clinical management of people with disease.  
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Supplemental Figure 5-2.  The effects of season on years of life lost for CVD deaths in 
Brisbane, Australia between 1996 and 2004 (solid line) with 95% confidence intervals 
(dashed line). January is the reference month. 
 
 
In Brisbane, there was a strong seasonal pattern in daily CVD mortality, with the highest 
numbers in winter (June–August) and lowest in summer (December–February). Even 
after adjustment for daily temperature, there was still a greater years of life lost for CVD 
deaths in August.  
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Supplemental Figure 5-3.  Three-dimensional plot of total years of life lost per day due 
to CVD by temperature and lag in Brisbane, Australia between 1996 and 2004 
 
 
The large spike is the increase in years of life lost due to hot temperatures that has a short 
lag. The coldest days also increase years of life lost, with a relatively small increase 
occurring over multiple lag days.  
 
 166 Chapter 5: Results Paper Two 
Supplemental Figure 5-4.  Checking the residuals for the stage-one model 
 
S5-4a. Histogram of residuals S5-4b. Scatter plot of residuals over time 
  
 
S5-4c. Cumulative periodogram test 
 
 
 
The residuals have a slightly positive skew, but not enough to cause any concern about 
using a Normal model. The cumulative periodogram test shows the independence of the 
residuals over time. 
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Supplemental Figure 5-5.  The associations between temperautre and years of life lost 
due to CVD for different age groups. The reference temperature is 24 °C. 
 
S5-5a. 0–64 years S5-5b. 65–84 years 
  
 
S5-5c. 85+ years 
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Supplemental Table 5-3.  Annual temperature-related years of life lost for CVD deaths 
in Brisbane, Australia between 1996 and 2004 (not including the added effects of heat 
waves). Cells show the average years of life lost and row percentages. 
 Cold days Hot days Whole year 
All CVD deaths 1,633 
(78%) 
463 
(22%) 
2,095 
(100%) 
By age group (years)    
0–64 383 
(77%) 
115 
(23%) 
498 
(100%) 
65–84 822 
(80%) 
205 
(20%) 
1,027 
(100%) 
85+ 812 
(87%) 
119 
(13%) 
931 
(100%) 
 
We calculated the average temperature-related years of life lost per year for CVD deaths 
based on the non-linear relationship between temperature and years of life lost due to 
CVD from our stage-one model. Hot days were defined as a daily mean temperature 
above 24 °C, and cold days below 24 °C. We chose this temperature because it was the 
turning point in the associations (Figure 5-1 and Supplemental Figure 5-5). 
 
The results suggest that cold days account for the majority of effects of temperature on 
years of life lost for older CVD deaths. Whereas for younger CVD deaths, hot days are 
relatively more important. Note that adding the years of life lost over the three age groups 
gives different years of life lost for those using the combined age groups. This is because 
the exposure-response curves were somewhat different for the youngest and oldest age 
groups.  
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Supplemental Figure 5-6.  Percentage of the daily number of CVD deaths by age group 
and daily mean temperature in Brisbane, Australia between 1996 and 2004 
 
 
This figure is based on the observed daily number of CVD deaths. On cold days there 
were more deaths in the oldest age group compared with comfortable days. However, 
there was less difference between comfortable and hot days. Percents do not always add 
to 100% because of rounding. 
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Supplemental Figure 5-7.  The associations between tempeature and years of life lost 
due to CVD by gender. The reference temperature is 24 °C. 
 
S5-7a. Men 
 
 
S5-7b. Women 
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Supplemental Figure 5-8.  The associations between temperature and years of life lost 
after adjustment for air pollutants 
 
S5-8a. Adjusting for daily O3 S5-8b. Adjusting for daily NO2 
  
S5-8c. Adjusting for daily PM10 S5-8d. Adjusting for all three air pollutants 
  
 
The effects of temperature on years of life lost due to CVD did not change after 
adjustment for daily O3, NO2 and PM10. Any confounding effects of air pollution were 
small, and there were independent effects of temperature on years of life lost for CVD 
deaths. 
  
 172 Chapter 5: Results Paper Two 
Supplemental Table 5-4.  Sensitivity analyses using leave-one-out method for the added 
effects of heat waves and cold spells 
 
Number of 
 consecutive days 
 Heat waves (≥ 99th percentile)  Cold spells (≤ 1st percentile) 
 
Days Years of life lost 
Range for 
the mean  Days Years of life lost 
Range for 
the mean 
≥ 2  9 85 80, 96  9 –6 –19, –2 
≥ 3  4 135 137, 160  4 11 –12, 32 
≥ 4  1 264 N/A  2 44 23, 121 
 
The above sensitivity analyses using leave-one-out method for each extreme day show 
that the estimated mean increases were quite stable for the added effects of heat waves. 
For example, the mean estimated years of life lost was 85 for a heat wave day. Leaving 
out each of the 9 heat wave days gives estimates that range from a similar 80 to 96 years 
of life lost. 
 
For the heat waves of 3 or more days, the leave-one-out range does not contain the 
original mean. We think this is because of a slight skew in the estimates and the small 
sample size of 4 heat wave days. 
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Supplemental Table 5-5.  Sensitivity analyses for the different definitions of heat waves 
and cold spells 
 
S5-5a. Using the 2nd percentile of temperature as cold threshold and the 98th percentile 
of temperature as heat threshold 
Number of 
 consecutive days 
 Heat waves (≥ 98th percentile)  Cold spells (≤ 2nd percentile) 
 Events Years of life lost 95% CI  Events Years of life lost 95% CI 
≥ 2  30 24 1, 47  30 15 –10, 40 
≥ 3  16 48 14, 82  11 2 –34, 39 
≥ 4  7 80 23, 137  7 7 –42, 55 
 
S5-5b. Using the 3rd percentile of temperature as cold threshold and the 97th percentile 
of temperature as heat threshold 
Number of 
 consecutive days 
 Heat waves (≥ 97th percentile)  Cold spells (≤ 3rd percentile) 
 Events Years of life lost 95% CI  Events Years of life lost 95% CI 
≥ 2  46 8 –10, 26  46 5 –13, 23 
≥ 3  22 32 4, 60  22 –7 –32, 18 
≥ 4  10 56 13, 99  13 –8 –40, 24 
 
S5-5c. Using the 5th percentile of temperature as cold threshold and the 95th percentile of 
temperature as heat threshold 
Number of 
 consecutive days 
 Heat waves (≥ 95th percentile)  Cold spells (≤ 5th percentile) 
 Events Years of life lost 95% CI  Events Years of life lost 95% CI 
≥ 2  95 –4 –14, 7  89 3 –9, 15 
≥ 3  60 1 –13, 15  55 6 –10, 21 
≥ 4  41 2 –15, 20  33 5 –14, 24 
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Chapter 6: Discussion 
 
The previous chapters (Chapters 2–5) presented the main results of the thesis, as well as 
discussion and conclusions of each study. This chapter reviews the most important 
findings of the thesis as an integrated body of work, and discusses how to manage the 
health effects of temperature and develop adaptation strategies in response to climate 
change. 
 
6.1 General discussion 
 
6.1.1 Key findings from the thesis 
 
Based on a literature review, I discussed how public health organisations should 
implement and manage the process of planned adaptation (Chapter 2). This review 
showed that public health adaptation can operate at two levels: building adaptive capacity 
and implementing adaptation actions. However, there are constraints and barriers to 
adaptation that arise from uncertainty, cost, technological limits, institutional 
arrangements, deficits of social capital, and perception of health risks. The opportunities 
for planning and implementing public health adaptation are reliant on effective strategies 
to overcome likely barriers. I therefore proposed that high priorities should be given to 
multidisciplinary research on the assessment of the potential health effects of climate 
change, projections of future health impacts under different climate and socio-economic 
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scenarios, identification of the health co-benefits of climate change policies, and the 
evaluation of cost-effective public health adaptation options. 
 
There has been relatively little discussion in the literature on the role of public health 
adaptation for increasing human resilience to climate change impacts. Although the 
literature from other sectors provides some general guidance for planned adaptation, these 
insights have not been specifically synthesised from a public health perspective (Hess et 
al. 2012). This chapter used an extensive, interdisciplinary literature review to identify 
possible barriers to public health adaptation. It also explored future research directions in 
this emerging field. The findings may have important implications for increasing the 
adaptive capacity and enhancing the resilience of public health systems to climate change 
(Frumkin 2011; Hess et al. 2012). 
 
Heat-related mortality is the most direct and highly-important potential impact on human 
health due to climate change. Thus, I conducted a systematic review of research and 
methods for projecting future heat-related mortality under climate change scenarios 
(Chapter 3). The review showed that climate change will likely result in a substantial 
increase in heat-related mortality. The projected mortality depended on the assumed 
emissions scenario, suggesting that greenhouse gases (GHG) mitigation policies are 
important for protecting health from climate change. Projecting heat-related mortality 
requires understanding of historical temperature-mortality relationships, and 
consideration of the future changes in climate, population and acclimatisation. Further 
research is needed to provide a stronger theoretical framework for mortality projections, 
including a better understanding of socio-economic development, adaptation strategies, 
land-use patterns, air pollution and mortality displacement. 
 Chapter 6: Discussion 177 
 
Scenario-based projections have been used as a key approach for policy making and 
planning in the context of uncertain future conditions. Given uncertainties in our 
understanding of the future population vulnerability to heat, it is important to use various 
methods to capture a plausible range of the health impacts of climate change. Informed by 
scientific evidence, projections can provide decision-makers with information on a 
variety of future trends, contexts, risks and opportunities. However, there are no 
guidelines for scenario-based projection research on heat-related mortality. Therefore, 
this chapter helps to fill the knowledge gap and contributes to assessing the potential 
impacts of climate change on heat-related mortality. 
 
Most previous studies were designed to examine temperature-related excess deaths or 
mortality risks (Anderson and Bell 2009; Baccini et al. 2008; McMichael et al. 2008). 
However, if most temperature-related deaths were in the very elderly who had only a life 
expectancy in single years, then the burden of temperature on mortality would have less 
public health importance. To guide policy decisions and resource allocation, it is desirable 
to know the actual burden of temperature-related mortality. To achieve this, I used years 
of life lost to provide a new measure of health effects of temperature (Chapter 4). I 
conducted a time-series analysis to estimate years of life lost associated with changes in 
season and temperature in Brisbane, Australia. I also projected the future temperature-
related years of life lost attributable to climate change. This study showed that the 
association between temperature and years of life lost was U-shaped, with increased years 
of life lost on cold and hot days. The temperature-related years of life lost will worsen 
greatly if future climate change goes beyond a 2 °C increase and without any adaptation 
to higher temperatures. 
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In contrast to the conventional mortality counts that weight all deaths equally, the 
measurement of years of life lost takes life expectancy into account and so gives more 
weight to deaths among younger people. The value of this research was succinctly 
summarised by Prof. Patrick L. Kinney: ―Huang et al. offer a unique framing of the 
negative effect that climate change may have on humans through the lens of years of life 
prematurely lost as a consequence of warming temperatures. This new measure can help 
to better understand the public health consequences of future climate change and help to 
target adaptation strategies so that their effectiveness is maximized (Kinney 2012).‖ 
 
The excess mortality during prolonged extreme temperatures is often greater than that 
predicted using the smoothed temperature-mortality association. This is because sustained 
periods of extreme temperatures produce an extra effect beyond that predicted by daily 
temperatures (Barnett et al. 2012; Gasparrini and Armstrong 2011; Hajat et al. 2006). To 
better estimate the burden of extreme temperatures, I estimated their effects on years of 
life lost due to cardiovascular disease (CVD) using data from Brisbane, Australia 
(Chapter 5). The study showed that the association between temperature and years of life 
lost due to CVD was U-shaped, with the lowest years of life lost at 24 °C, rising 
progressively as temperatures become hotter or colder. The exposure-response curve has 
a sharper rise at extremes of heat than of cold. This study also observed significant added 
effects of heat waves, with between 85 and 264 years of life lost per day depending on the 
severity of heat waves. However, there was no added effect of cold spells. It might be that 
people took better protective actions during prolonged cold weather. 
 
Chapter 5 may shed new light on future changes in years of life lost related to global 
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climate change. It is likely that climate change will produce more frequent, more intense 
and longer lasting heat waves, and consequently put additional stress on vulnerable 
people such as the elderly and those with pre-existing CVD. Also the trends of increasing 
rates of obesity and related conditions including diabetes, mean that CVD will continue to 
have a major impact on population health. The growing size of this vulnerable population 
could mean that the future disease burden of temperature will increase. 
 
Table 6-1 summarises the key findings from the thesis and highlights how the contents of 
the thesis answered the four research questions. 
 
Table 6-1. Research questions addressed by the thesis 
Research Question One: 
What are the barriers to public health adaptation to climate change? What are research 
priorities in this emerging field? 
 In Chapter 2, I conducted an extensive literature review to identify possible 
barriers to public health adaptation. I also explored future research directions in 
this emerging field. 
 There are constraints and barriers to public health adaptation arising from 
uncertainties of future climate and socio-economic conditions, as well as financial, 
technological, institutional, social capital and individual cognitive limits. 
 High research priority should be given to multidisciplinary research on the 
assessment of potential health impacts of climate change, projections of health 
impacts under different climate and socio-economic scenarios, identification of 
health co-benefits of mitigation strategies, and evaluation of cost-effective public 
health adaptation options. 
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Research Question Two: 
What models and frameworks can be used to project future temperature-related mortality 
under different climate change scenarios? 
 In Chapter 3, I conducted a systematic review of research and methods for 
projecting future heat-related mortality under climate change scenarios. 
 The review included 14 studies that fulfilled the inclusion criteria. Most 
projections showed that climate change would result in a substantial increase in 
heat-related mortality. 
 Projecting heat-related mortality requires understanding of the historical 
temperature-mortality relationships, and consideration of the future changes in 
climate, population and acclimatization.  
 Further research is needed to provide a stronger theoretical framework for 
projections, including a better understanding of socio-economic development, 
adaptation strategies, land-use patterns, air pollution and mortality displacement. 
Research Question Three: 
What is the actual burden of temperature-related mortality? What are the impacts of 
climate change on future burden of disease? 
 I used years of life lost to provide a new measure of health effects of temperature.  
 In Chapter 4, I conducted a time-series analysis to estimate years of life lost 
associated with temperature in Brisbane, Australia. I also projected future 
temperature-related years of life lost under different climate change scenarios. The 
association between temperature and years of life lost was U-shaped, with 
increased years of life lost for cold and hot temperatures. Assuming a temperature 
increase more than 2 °C but without any level of adaptation, large increases in 
heat-related years of life lost are projected, and the increased heat-related years of 
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life lost will not be offset by decreased cold-related years of life lost. 
 In Chapter 5, I examined the effects of temperature on years of life lost due to 
CVD using data from Brisbane, Australia. I also investigated whether there were 
any added effects of extreme cold spells and heat waves. The association between 
temperature and years of life lost due to CVD was U-shaped, with increased years 
of life lost attributable to cold and hot temperatures. There were significantly 
added effects of heat waves on years of life lost, with between 85 and 264 years of 
life lost per day depending on the severity of heat waves. There was no added 
effect of cold spells. 
Research Question Four: 
Can we manage the health effects of temperature? Can we develop public health 
adaptation strategies in response to climate change? 
 In the section 6.2 of Chapter 6, I discussed how to manage the health effects of 
temperature and develop adaptation strategies in response to climate change. 
 The development of public health adaptation strategies falls into two categories: 
reducing the heat exposure (e.g., access to cooling, building design, urban 
planning), and managing the health effects of temperature (e.g., data surveillance 
and early warning, provision of health care and social services, awareness and 
education). 
 Economic efficiency is an important criterion for decision making. Policy makers 
need information on interventions, together with their expected costs and benefits, 
relative to other interventions or changing nothing. A better understanding of the 
costs and benefits of public health policies and programs can assist policy makers 
to make better decisions. 
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6.1.2 Biological mechanisms for the health effects of temperature 
 
Many environmental health textbooks start by quoting Hippocrates: ―Whoever would 
study medicine aright must learn of the following subjects. First he must consider the 
effects of each of the seasons of the year and the differences between them. Secondly he 
must study the warm and the cold winds, both those which are common to every country 
and those peculiar to a particular locality‖ (Airs, Waters, and Places, 400 BC). 
 
For centuries, seasonality and weather have been considered as fundamental determinants 
of human health (Ballester et al. 2003). The human body responds to environmental 
factors in a dynamic interaction. If the response is inappropriate, it can lead to illness and 
even death. In the case of the thermal environment, this will determine whether a person 
is too cold, too hot, or in thermal comfort (Parsons 2003). Humans are homoiotherms and 
should maintain a core body temperature close to 37 ºC. A deviation of a few degrees 
from this value can have serious consequences. The human body is normally surrounded 
by clothing and then almost entirely by air, so a driving force for heat transfer between 
the human body and the surrounding air is determined by ambient temperature (Parsons 
2003). 
 
Cold exposure is associated with a variety of autonomic responses in humans, including 
peripheral vasoconstriction, shivering, and increased blood pressure and heart rate 
(Halonen et al. 2010; Ren et al. 2011). In patients suffering from heart disease, exposure 
to cold may cause a decrease in coronary blood flow, which could contribute to coronary 
spasm, chest pain and even myocardial infarction (Sun 2010; Wolf et al. 2009). There is 
also evidence that not only age but fitness and body composition, and level of activity are 
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important determinants of how the human body responds to cold temperatures (O'Neill 
and Ebi 2009). 
 
Heat exposure can induce profound physiological changes such as an increase in blood 
viscosity and cardiac output leading to dehydration, hypotension, and even endothelial 
cell damage (Cheng and Su 2010; Donaldson et al. 2003). When ambient temperature 
rises, the heat balance of the body is generally restored by increased blood flow to the 
skin and by sweating. These responses may cause the clinical syndromes of heat stroke, 
heat exhaustion, heat syncope, and heat cramps (Luber and McGeehin 2008). Heat stroke 
has a substantial case-mortality ratio, and progression to death can be within hours. In 
survivors, the permanent damage to organ systems can cause severe functional 
impairment and increase the risk of early mortality (O'Neill and Ebi 2009). 
 
6.1.3 Seasonal variation and time trend 
 
Seasonal variation in mortality has been described in medical journals for about 150 
years, and most countries suffer 5% to 30% excess mortality in winter (Healy 2003). 
Excess winter mortality, which is largely attributed to cardiovascular and respiratory 
diseases, has many causes including seasonal changes in: ambient exposures (e.g., 
temperature, humidity, ultraviolet light, and air pollution), behaviour, diet, housing, 
infectious diseases (particularly influenza), health care provision, socio-economic factors, 
and other unidentified variables (Aylin et al. 2001; Hales et al. 2012). A recent review of 
winter ill health in the UK led by Michael Marmot concluded that the flu was a 
―contributing factor‖ and that cold indoor temperatures are the ―main cause‖ of the winter 
increase in deaths (Marmot Review Team 2011). 
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The association between ambient temperatures and health outcomes has been extensively 
examined during the last decade. These studies are usually based on a time series design, 
where the series of daily counts of mortality or morbidity and ambient levels of 
temperature are compared, while controlling for potential confounding variables. The 
purpose of these studies is to describe the dependence of the response at each time on 
predictor variables including covariates and possibly previous values in the series, so that 
regression analysis is commonly used (Zeger et al. 2006). Time series models on the 
health effects of temperature have benefitted from the remarkable statistical developments 
in the recent decades to investigate the short-term effects of air pollution (Gasparrini and 
Armstrong 2010). 
 
Time series analysis has the advantage of controlling for many potential confounders by 
design since the same population is examined repeatedly under varying exposure 
conditions but constant (or slowly varying) covariate patterns. Time trends and seasonal 
patterns in exposures and health outcomes are potential confounders, and are therefore 
controlled for by modelling (Bateson and Schwartz 1999). In public health research, time 
series data are usually generated when a population is regularly monitored over time. The 
regular time periods usually correspond to days, the smallest unit of time for which 
mortality data are collected routinely. The main feature of the methods is the temporal 
decomposition of the outcome and exposure series, where the variability is partitioned 
into contributions related to different timescales (Peng and Dominici 2008). However, 
although various smoothers have been used so far, the optimal strategy for choosing 
smoothers and their degree of smoothing, to avoid residual confounding but at the same 
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time leaving a temporal window with enough variability to be explained by temperature, 
remains controversial (Gasparrini and Armstrong 2010; Touloumi et al. 2006). 
 
6.1.4 Limitations of the thesis 
 
This thesis has five major limitations. First, the data I collected were limited to one city, 
which restricts the generalisability of the results. The associations between temperature 
and years of life lost are likely to vary by geographic locations as a result of population 
acclimatisation and for different socio-demographic groups. 
 
Second, temperature measures collected from one monitoring station may not represent 
individual exposures, creating a potential misclassification of exposure for those persons 
who died far from the station. 
 
Third, pre-existing frailty may in part explain human vulnerability to extreme 
temperatures. Those who died because of temperature effects may be the most vulnerable 
members in the population, and their life expectancy at death may be shorter than people 
of the same age, meaning that we may have overestimated the temperature-related years 
of life lost. 
 
Fourth, I applied the contemporary temperature-health relationship to a future population, 
which ignores the possibility that the relationship will change over time because of an 
ageing population and improvements in housing and health care. 
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Finally, this thesis has mainly focused on a quantitative assessment of temperature-related 
health effects, but qualitative information may also be important. This issue could be 
addressed in further research. 
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6.2 Managing the health effects of temperature in response to climate change 
 
6.2.1 Hot weather, climate change, and public health 
 
Many studies have found that extreme temperatures are associated with an increased risk 
of illness and death (Basu 2009; Kovats and Hajat 2008; O'Neill and Ebi 2009). The 
associations between daily temperature and mortality are generally U-shaped, with lower 
mortality rates in a ―comfort zone‖ of temperatures, and rates rising progressively as 
temperatures become hotter or colder (Analitis et al. 2008; McMichael et al. 2008). The 
comfort zone varies between cities and is generally higher in warmer climates, suggesting 
adaptation to local climatic conditions.  
 
Heat-related mortality is a growing public health concern due to climate change, 
population ageing and increasing urbanization (Luber and McGeehin 2008). Climate 
change is projected to increase global mean surface temperatures by 2–4.5 °C with 76% 
probability and over 4.5 °C with 14% probability by 2100 (Rogelj et al. 2012) and will 
increase the frequency and intensity of heat waves. These changes are likely to have a 
greater impact on those living in old or poorly constructed houses which offer less 
protection from the outside heat (Chapman et al. 2009), and those without air conditioners 
(Kovats and Hajat 2008). Population ageing may further amplify vulnerability, as the 
elderly and those with pre-existing disease are often susceptible to heat (Basu 2009). 
More people living in cities may also contribute to additional heat-related health problems 
because of urban heat islands, an interaction between air pollution and heat, and higher 
concentrations of susceptible people (Harlan and Ruddell 2011).  
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Managing the health effects of temperature in response to climate change is a global 
public health challenge (Hajat et al. 2010). Until now, most studies have focused on: 
quantifying temperature–health relationships, characterizing vulnerable subgroups, 
identifying effect modifiers (e.g., air pollution, socioeconomic status), and projecting 
future health impacts under climate change scenarios (Basu 2009; Hajat and Kosatsky 
2010; Huang et al. 2011a; O'Neill and Ebi 2009; Vandentorren et al. 2006). There has 
been less research on minimizing the health risks of temperature exposure, and long-term 
strategies to address the health effects of temperature have not been sufficiently 
considered in public health practice and activities (Ebi 2011). This section (i.e., 6.2) aims 
to discuss how public health organizations should implement adaptation strategies, and 
how to make an evidence-based economic case for policies to protect health from heat 
events and climate change. 
 
6.2.2 Public health response to heat events in response to climate change 
 
Public health adaptation refers to any short- or long-term strategies that can reduce 
adverse health effects or enhance resilience in response to climate change and associated 
weather extremes, as well as exploit any beneficial opportunities (Frumkin et al. 2008; 
Hess et al. 2012; Huang et al. 2011b). Resilience is the ability of a system to timely and 
effectively prepare for, respond to, and recover from the consequences of disasters (Ebi 
2011). Adaptation strategies to deal with heat events and climate change fall into two 
categories: reducing the heat exposure and managing associated health risks. 
 
6.2.2.1 Reducing the heat exposure 
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During extreme heat events there is limited potential for people to improve their 
physiological adaptive capacity (Hajat et al. 2010; WHO 2009). Studies have found that 
heat waves at the start of summer have a greater impact on health than heat waves later in 
summer, which may be due to inadequate acclimatization (Anderson and Bell 2011). It is 
therefore important to plan ahead ways to decrease exposure to heat, particularly for 
susceptible people.  
 
Access to cooling 
 
Reducing vulnerable groups‘ heat exposure is an important protective measure during a 
heat wave. Even a few hours in a cool environment have been shown to be strongly 
protective for reducing heat-related illnesses and deaths (Luber and McGeehin 2008). 
Epidemiological studies of heat-related mortality have shown a strong protective effect of 
air conditioning (O'Neill et al. 2009).  
 
Some people at risk, particularly the elderly, may not have or use air conditioning during 
heat waves (PricewaterhouseCoopers 2011; Sheridan 2007). This may be because of a 
failure to recognize the need for air conditioning, or their reluctance to use it given the 
high electricity costs. Therefore, it would be of value to educate vulnerable groups about 
how best to use air conditioning and to provide financial assistance to low income groups.  
 
Some researchers caution against the widespread use of air conditioning (Maller and 
Strengers 2011). Air conditioners emit heat during use, increase outdoor temperature, and 
often use electricity generated by fossil fuel burning power plants (O'Neill et al. 2009). 
Demands for electricity during heat waves can burden power infrastructure, which may 
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even lead to large-scale power failures. Recent evidence from the US shows how heat-
related deaths can dramatically increase during power failures (Anderson and Bell 2012).  
 
Increasing use of air conditioners will also further increase greenhouse gas (GHG) 
emissions and consequently contribute to accelerated climate change and deteriorating 
local air quality. Government run cooling centers may reduce risk for the potentially large 
number of people unable to afford air conditioning in their own home. However, cooling 
centers rely on people having transportation and recognizing when they should go to the 
centers (O'Neill et al. 2009).  
  
Building design 
 
People spend about 90% of their lives indoors and tend to stay indoors during hot 
weather, so indoor temperature is of particular importance for preventing heat-related 
health effects (Chapman et al. 2009). Indoor temperature is a function of outdoor 
temperature, solar radiation, building insulation and ventilation, and the building‘s ability 
to dissipate stored heat (Institute of Medicine 2011). Adaptation to heat events can be 
improved by adjusting indoor temperature through improved building design so that the 
indoor temperature is more often in a comfortable range regardless of the outdoor 
temperature.  
 
Building orientation, design and materials can all influence the impact of outdoor heat on 
indoor temperatures. Insulation can act as a barrier to hot air and is essential to keep 
homes warm in winter and cool in summer. As a long-term goal, public health measures 
should advocate for improvement of thermal insulation in old and poorly constructed 
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buildings (Vandentorren et al. 2006). These measures may be costly and time-consuming, 
but their implementation is necessary given the current considerable excess deaths due to 
cold temperatures and the future increasing frequency of heat waves (Analitis et al. 2008; 
Anderson and Bell 2011).  
 
Urban planning 
 
Cities are usually warmer than the surrounding countryside, a phenomenon known as the 
urban heat island effect (Smargiassi et al. 2009). Densely packed buildings absorb solar 
radiation during the day and then block the surface heat from radiating at night (Luber 
and McGeehin 2008). Also, many cities have decentralized in recent decades, creating 
urban sprawl with low-density land use and heavy reliance on cars. A US study found that 
these sprawling cities had double the rate of increase in the annual number of extreme 
heat events compared with more compact cities (Stone et al. 2010).  
 
Urban heat islands and urban sprawl may be an inevitable consequence of development, 
but appropriate planning can play an important role in reducing vulnerability, building 
resilience, and promoting health (Stone et al. 2010). Reductions in heat-related deaths can 
be achieved in a number of ways. High density communities can be developed with 
mixed land use and good connectivity to promote active transport (walking and cycling 
assist in reducing cardiovascular disease which place individuals at risk in heat events). 
The amount of green spaces and trees can be increased in cities, as trees provide shade 
and improve air quality. Trees and vegetation also help reduce daytime temperatures and 
the urban heat island effect through the process of evapotranspiration. In terms of 
building design, the use of reflective paving and roofing materials can be promoted, as 
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well as increasing ventilation and air flow between buildings. Also, providing adequate 
public spaces through urban planning can promote social cohesion, which reduce health 
risks faced by people who are socially isolated (Luber and McGeehin 2008; WHO 2009).  
 
6.2.2.2 Managing the health risks 
 
Public health efforts to deal with heat-related health problems require a variety of actions, 
including real-time data surveillance and early warnings, health care system preparedness, 
and public health awareness campaigns.  
 
Data surveillance and early warning 
 
There is a need to develop timely and effective surveillance systems to facilitate public 
health responses to heat events (Leonardi et al. 2006). Real-time data surveillance can 
provide early detection of heat-related health effects by informing decision makers about 
abnormal numbers of adverse health outcomes. During hot weather, the most useful real-
time health data are: deaths, emergency department visits and ambulance calls (WHO 
2009). Health data for surveillance need to be available promptly as increases in mortality 
and morbidity from heat events occur quickly after exposure (Leonardi et al. 2006). 
Ambulance calls may have the most immediacy, and are sensitive to hot weather (Turner 
et al. 2012).  
 
In response to heat waves, heat–health warning systems are becoming more widespread 
(O'Neill and Ebi 2009; WHO 2009). The essential elements of a heat–health warning 
system are: identifying locally relevant extreme weather, designing sensitive and specific 
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trigger alerts, monitoring weather forecasts, and putting appropriate response actions in 
place (Ebi and Schmier 2005). However, there has been little research to evaluate the 
effectiveness of these systems. Although they aim to reduce heat-related illness and death, 
it is difficult to attribute mortality or morbidity reductions directly to a new warning 
system as there will be other changes over time, such as increased air conditioning use, 
improved public awareness, and better health system preparedness.  
 
Health care system preparedness 
 
No matter how good a heat–health warning system is at identifying dangerous heat 
waves, it will not save lives if there are no effective public health interventions that are 
triggered by the warning. The delivery of health care services can be challenging during 
extreme heat events. Health care providers need to maintain a high level of services to 
help those affected by the heat and support the community in general. However, working 
in high temperature environments can potentially affect the health and safety of 
workforces. When a severe heat wave occurs, health care workers may be reluctant to 
work when the situation poses a possible threat to their health and safety. Such reluctance 
could place further stress on an already overcrowded and stretched health care system 
(Smith et al. 2008). Hence, hospitals, clinics and nursing homes may need to put on more 
staff and with greater rotation during hot weather.  
 
Social factors such as social isolation can also influence vulnerability to heat (Hajat et al. 
2010; Kovats and Hajat 2008). Health care delivery should be suited to the needs of the 
most vulnerable groups through coordination between health departments, social services, 
and other community organizations. The best plan is to identify the most feasible and 
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appropriate options based on the structure of local health care and social service systems 
(WHO 2009).  
 
Awareness and education 
 
Responding effectively to heat events requires more than institutional arrangements. It 
requires individuals to understand what heat events are, what health effects they can have, 
and what they can do to minimize these effects (PricewaterhouseCoopers 2011). Public 
health campaigns need to not only create greater awareness of the dangers of heat to 
inform individuals, but also provide practical tips on how to reduce their risks (Sheridan 
2007). These tips might include keeping hydrated, avoiding alcohol, wearing light 
clothing, taking cold showers, checking on older friends and neighbors, and recognizing 
the symptoms of heat stress.  
 
Key messages should be targeted at the public, but also adjusted to the needs of specific 
vulnerable groups such as the elderly or high-risk occupational groups. Information for 
these vulnerable groups should contain practical tips and important contact details for 
social and emergency services (Hajat et al. 2010; WHO 2009). It is also important to 
design training programs for doctors, nurses and other health professionals, to enable 
them to identify heat-related health problems and be familiar with the most appropriate 
treatments (WHO 2009).  
 
6.2.3 Challenges and opportunities 
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Research on the health effects of temperature has increased rapidly in recent years, but 
investment in specific health protection measures (e.g., cooling centers, home insulation) 
has failed to keep pace. Policy decisions that are designed to reduce the health risks of 
extreme temperatures and climate change involve making trade-offs concerning the use of 
scarce financial resources (Hutton 2011). Economic efficiency is an important criterion 
for decision making. However, economic analysis of temperature-associated health costs 
and public health adaptation options have been largely absent from both the scientific 
literature and public policy discussions (Knowlton et al. 2011).  
 
6.2.3.1 Temperature-associated health costs 
 
It is useful to estimate the health costs of temperature exposure and climate change in 
monetary terms. Estimates of the economic costs can be used in cost-benefit analyses for 
comparing proposed adaptation strategies (Hutton 2011; Markandya and Chiabai 2009). 
However, the valuation of a life is a controversial issue and one with irrationalities. For 
example, society is usually willing to save identified lives such as sailors stranded in mid-
ocean or children in need of expensive surgery, but is often reluctant to invest in 
preventative measures that would benefit more people. An example is when the lives 
saved are anonymous, as would be the case when funding a home insulation program. 
Insulation prevents deaths and hospitalizations from either hot- or cold-related stress 
(Chapman et al. 2009), but these invisible savings are of little value to politicians trying 
to impress the voting public.  
 
To distinguish the value of an anonymous life from the life of an identified person, the 
concept of ―statistical life‖ has been developed for the purposes of policy making. For 
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estimating the value of a statistical life, there has been growing interest in the 
development of health outcome measures, such as years of life lost (YLL), disability-
adjusted life year (DALY) and quality-adjusted life year (QALY) (Lopez et al. 2006). A 
variety of methods have been used to value a statistical life, such as human capital and 
willingness-to-pay approaches. In Australia, a threshold of AUD $40,000 per year of life 
is often used by Australian resource allocation committees, for example, the Medical 
Services Advisory Committee and the Pharmaceutical Benefits Advisory Committee 
(George et al. 2001). It means that interventions that save one year of life for every 
$40,000 invested are cost-effective and should be funded.  
 
Case study in Brisbane, Australia 
 
The health costs of temperature exposure and climate change have never been fully 
calculated in Australia. There are also no widely accepted estimates available on the costs 
associated with these effects. According to our study in Brisbane (Huang et al. 2012), 
there were around 6,500 years of life lost per year due to current temperature-related 
deaths based on data for 1996–2003. There were 1,500 years of life lost due to hot 
temperatures and 5,000 years of life lost due to cold temperatures. For a future 2 °C 
temperature increase in 2050, we projected an increase of around 400 temperature-related 
years of life lost, and for a 4 °C increase we projected an increase of around 3,000 years 
of life lost, relative to the baseline period 1996–2003.  
 
Combining the estimated years of life lost with the economic threshold of $40,000 per 
year of life shows that the future health costs of ambient temperature and climate change 
could be enormous in Brisbane ($278 million for 2 °C temperature increase and $393 
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million for 4 °C temperature increase) (Table 6-2). This means that policy makers should 
be willing to invest in adaptation strategies that would reduce temperature-related deaths. 
Money spent now would also be of immediate benefit because the current costs of 
temperature-related deaths are $263 million per year in Brisbane (Table 6-2), and we 
would expect similar costs in other large cities. This immediate benefit may be 
particularly important for politicians who favor policy decisions that will return benefits 
before their next re-election campaign.  
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Table 6-2. Monetary estimates of the annual health costs due to climate change‘s effects on ambient temperatue in Brisbane, Australia (AUD $ 
million) 
 
Days 
 
Baseline 
(2000) 
Climate change scenarios (2050) 
 1 °C increase  2 °C increase  3 °C increase  4 °C increase 
 Projection Change  Projection Change  Projection Change  Projection Change 
Hot days 
61 
(49, 73) 
 101 
(83, 119) 
41 
(34, 47) 
 159 
(131, 184) 
98 
(82, 114) 
 235 
(196, 273) 
174 
(146, 202) 
 332 
(278, 385) 
271 
(227, 316) 
Cold days 
202 
(150, 253) 
 158 
(114, 200) 
–44 
(–53, –35) 
 119 
(83, 154) 
–83 
(–99, –65) 
 87 
(58, 115) 
–115 
(–138, –90) 
 61 
(38, 83) 
–142 
(–171, –110) 
Whole year 
263 
(212, 312) 
 259 
(213, 304) 
–4 
(–15, 8) 
 278 
(232, 322) 
15 
(–6, 39) 
 322 
(272, 374) 
59 
(25, 97) 
 393 
(332, 456) 
130 
(80, 184) 
Baseline for the years 1996 to 2003 centred on 2000; projection for the years 2046 to 2053 centred on 2050. We assumed that climate change 
will cause increasing average temperatures but no change in variability. We simulated future daily temperatures by adding 1 to 4 °C to the 
observed daily temperature data. The total population for Brisbane was 896,649 in 2001. Hot days are a daily mean temperature above 23 °C, and 
cold days below 23 °C. We chose this temperature as it was the turning point in the association between temperature and years of life lost for 
both men and women (Huang et al. 2012). 95% confidence intervals are shown in parenthesis. The dollar values are based on AUD $40,000 per 
year of life. Average exchange rate in August 2012: 1 AUD = 1.03 USD. 
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6.2.3.2 Health economic evaluation 
 
Health costs alone are of limited use for decision making. Decisions to implement 
adaptation strategies should rest on a sound economic evaluation. How much adaptation 
might cost, and the magnitude of related benefits, are issues that are particularly relevant 
to policy decisions made under budgetary allocations (Agrawala and Fankhauser 2008). 
Therefore, research is required not only on the health costs of temperature, but also on the 
costs and benefits of the associated adaptation options.  
 
The scientific literature on the costs of adaptation to protect health from heat events and 
climate change remains sparse. Estimates of savings to be made from sound investments 
in preventing temperature-related health effects have not been adequately conducted. In 
the US, Ebi et al. (2004) reported that the cost of running a heat–health warning system 
for Philadelphia was relatively small ($210,000) compared with the benefits of saving 
117 lives ($468 million) over the 3-year period of 1995–1998. Such economic evidence 
can help inform policy makers as to where the greatest health gains can be achieved 
through sound investments in adaptation measures.  
 
Estimating climate change adaptation costs can be difficult. Many adaptation actions are 
embedded within responses to a broader set of social and environmental incentives (e.g., 
increasing green space to promote physical activity), making it difficult to isolate the 
adaptation costs. In addition, adaptation costs may increase greatly if actions to improve 
adaptive capacity are also included (e.g., investments in education, nutrition and health 
system infrastructure).  
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There are no accepted methods for assessing the benefits of adaptation strategies. 
Uncertainty about the potential health effects of climate change implies that most of the 
adaptation benefits should be interpreted as expected, not guaranteed benefits. Another 
issue is that, the long-term nature of climate change makes timing an important part of 
adaptation decisions (Agrawala and Fankhauser 2008). Timely or early adaptation may 
not occur if there is no perception of immediate benefit. Policy makers must compare 
costs and benefits that are experienced at different times, as often the costs of adaptation 
will be incurred in the near future while the benefits will be spread over a much longer 
time (e.g., planting trees in cities where the benefits of increased shade are realized years 
later) (Markandya and Chiabai 2009).  
 
6.2.3.3 Health co-benefits of climate change policies 
 
The development of climate change mitigation and adaptation policies are an important 
step toward building resilience to heat events and climate change, but in many 
jurisdictions challenges and trade-offs are already apparent in the implementation stage. 
Implementing these policies requires an initial financial investment, which local 
governments and decision makers may be unwilling to make, particularly in a depressed 
economy (Harlan and Ruddell 2011). Perhaps the biggest challenge to implementing 
these policies is to balance the costs and benefits of a given strategy that draws on limited 
economic resources.  
 
Many climate change policies can improve public health via co-benefits, and research is 
needed on how much these health co-benefits decrease the overall costs of such policies 
(Jack and Kinney 2010). For example, some strategies both reduce GHG emissions and 
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cool cities through changes in the built environment (e.g., urban green space planning, 
energy-efficient building materials, and active transportation) (Younger et al. 2008). 
Implementing these strategies can bring about substantial health co-benefits, including 
reductions in heat-related illnesses and lifestyle-related diseases (e.g., reducing GHG 
emissions by encouraging active transport, which then reduces the risk of cardiovascular 
disease) (Haines et al. 2009; Harlan and Ruddell 2011).  
 
Because the health co-benefits of climate change policies are likely to decrease the costs 
to society, it is necessary to quantify the extent of the savings (Haines et al. 2009; Roberts 
2009). However, although the health co-benefits of climate change policies are 
increasingly recognized by public health researchers, they are not widely appreciated by 
policy makers and the general public. Hence, the public health research community must 
ensure that the health co-benefits of climate change policies are recognized, understood 
and quantified, and that this information is distributed to relevant stakeholders (Roberts 
2009).  
 
6.2.4 Conclusions 
 
Heat events are hazardous to health, with a growing literature reporting increases in 
mortality and morbidity during hot weather. Public health responses require a range of 
actions, including timely public health and medical advice, improvements to housing and 
urban planning, early warning systems, and the assurance that health care and social 
systems are ready to act. Explicit consideration of climate change in existing public health 
activities is needed to ensure they have maximum effectiveness for increasing future 
resilience. However, adaptation actions may have substantial financial implications for 
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the health sector. Policy decisions that are designed to reduce the health risks of extreme 
temperatures and climate change involve making trade-offs concerning the use of limited 
resources. Making better decisions will depend on an evidence-based economic 
assessment of temperature-related health costs and public health adaptation options.  
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7.1 Summary of the thesis 
 
The Earth‘s climate is rapidly changing and the health impacts of climate change 
command increasing policy and public attention (Confalonieri et al. 2007; Haines et al. 
2006; McMichael 2012). Considering the likelihood that our climate will change at a 
relatively faster rate, current public health practices, policies, strategies and infrastructure 
will become increasingly inappropriate and maladapted. In response to these changes in 
climate and associated extreme events, public health adaptation has become imperative. 
This thesis examined several key issues in the field of public health adaptation to climate 
change, with a particular focus on temperature effects. 
 
Firstly, I discussed how public health organisations should manage the process of planned 
adaptation in response to climate change. It is suggested that the opportunities are reliant 
on effective strategies to overcome the likely barriers arising from uncertainty, cost, 
technologic limits, institutional arrangements, deficits of social capital, and individual 
perception of risks. High research priority should be given to multidisciplinary research 
on the assessment of the potential health impacts of climate change, projections of health 
impacts under climate change scenarios, identification of health co-benefits of mitigation 
policies, and evaluation of cost-effective adaptation options. Chapter 2 may have 
important implications for increasing the adaptive capacity and enhancing the resilience 
of public health systems to climate change (Frumkin 2011; Hess et al. 2012). 
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Secondly, the impacts of climate change on heat-related mortality are the subject of 
increasing public health concern. I conducted a systematic review of research and 
methods for projecting future heat-related mortality under climate change scenarios. The 
review showed that climate change is likely to cause increased heat-related mortality. 
Significant differences in projected mortality can be found in different emissions 
scenarios, suggesting that GHG mitigation policies are important for protecting human 
health. Projecting heat-related mortality requires understanding the historical 
temperature-mortality relationships and considering the future changes in climate, 
population, and acclimatisation. Chapter 3 will meaningfully contribute to assessing and 
managing the potential impacts of climate change on heat-related mortality. 
 
Thirdly, I used years of life lost to provide a new measure of health effects of 
temperature. In contrast to the conventional daily mortality counts that weight all deaths 
equally, the measure of years of life lost takes the remaining years of life into account and 
so gives more weight to deaths among younger people. I conducted two impact 
assessments to examine the effects of temperature on years of life lost using data from 
Brisbane, Australia (Chapters 4 and 5). The results showed that increased years of life lost 
are associated with both cold and hot temperatures. The temperature-related years of life 
lost will worse greatly if future climate change goes beyond a 2 ºC increase and without 
any adaptation to higher temperatures. In addition, there are significant added effects of 
heat waves on years of life lost for cardiovascular deaths. The studies can help to better 
understand the health consequences of extreme temperatures and climate change and 
therefore help to target adaptation strategies (Kinney 2012). 
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Finally, public health responses to hot weather and climate change are necessary and 
pressing. In Chapter 6, I discussed how to manage the health effects of temperature. 
Strategies that are designed to minimise the health effects of high temperatures and 
climate change can fall into two categories: reducing the heat exposure and managing the 
health effects. However, policy decisions involve making trade-offs concerning the use of 
scarce economic resources. Policy makers need information on specific adaptations, 
together with their expected costs and benefits. Therefore, more research is needed to 
evaluate cost-effective adaptation options. 
 
To sum up, this thesis adds to the large body of literature on the impacts of temperature 
and climate change on human health. It improves our knowledge of the temperature-
health relationship in Brisbane, Australia, and how this relationship will change as 
temperatures increase. Although the thesis was limited to one city, which may restrict the 
generalisability of the findings, the methods and approaches developed by this thesis will 
be useful to other researchers studying temperature-health relationships and climate 
change impacts. The results may be useful for developing public health adaptation 
strategies to reduce the health effects of extreme temperatures and climate change. 
 
7.2 Future research directions 
 
Public health adaptation is required to increase resilience to the adverse health impacts of 
climate change over the next few decades (Costello et al. 2009; Ebi and Burton 2008; Ebi 
and Semenza 2008; Frumkin et al. 2008; McMichael et al. 2012). Heat-related mortality 
is a matter of great public health concern, especially in the light of climate change (Basu 
2009; Hajat et al. 2010; Kinney et al. 2008; Kovats and Hajat 2008; Luber and McGeehin 
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2008). Although research in this field is growing, there are still many gaps due to the 
complexity of the issue and the magnitude of the risks that may arise from inadequate or 
inappropriate responses (WHO 2009). Based on the literature and my understanding in 
the field, I would like to recommend some directions for future research. 
 
Research to date has mainly focused on the identification and quantification of the 
associations between temperature and health, with less focus on applied research to 
manage the health effects of temperature and climate change. This should be addressed 
urgently, especially for vulnerable groups. For example, many susceptible individuals 
often do not perceive themselves to be at risk from the health effects of heat. Research is 
therefore needed on how to make these susceptible people to be aware of their 
vulnerability and take preventive actions during hot weather. 
 
People spend most of their time indoors. However, there is little information on the role 
that indoor temperatures, housing characteristics, and environmental surroundings may 
play in personal temperature exposure and the health effects. Further research is needed to 
explore the relationships between ambient and indoor temperatures, and to evaluate the 
sensitivity of the indoor temperatures to changes in housing characteristics and 
environmental surroundings. 
 
There is a need for a comprehensive evaluation of the effectiveness, and cost-
effectiveness, of public health adaptation programs aiming to protect health from high 
temperatures. For example, the implementation of heat-health warning systems (HHWS) 
is becoming more widespread, but there has been little research to evaluate the 
effectiveness of HHWS. 
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Most HHWS contain different levels of warning, with a set of responses based on the 
level of adverse health outcomes. Where mortality thresholds are defined, it is often a 
higher threshold that determines a higher warning. However, how and when should 
thresholds for warnings be re-evaluated? How to monitor acclimatisation? What changes 
in other drivers, such as behavioural patterns, awareness of risks, and infrastructure 
changes, should be monitored? And, how to incorporate these changes into response 
plans? 
 
The relationships between temperature extremes and mortality impacts may not be 
stationary. A number of studies have suggested that there has been a substantial reduction 
in population vulnerability to temperature over the 20th century which is likely to reflect 
changes related to increasing wealth. Therefore, it is important to better understand 
possible temporal changes in the mortality impacts of temperature, and the role of 
adaptation and its limits. 
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―2012 NCCARF National Adaptation Conference‖, 26–28 June 2012, Melbourne, 
Australia (Oral presentation: Effects of extreme temperatures on years of life lost for 
cardiovascular deaths: a time series study in Brisbane, Australia) 
―CSIRO Urban Symposium: Research in Urban Meteorology and Climatology‖, 13–15 
March 2012, Melbourne, Australia 
―19th International Congress of Biometeorology (ICB)‖, 4–8 December 2011, Auckland, 
New Zealand (Oral presentation: The impact of temperature on years of life lost) 
―IHBI Inspires 2011 Postgraduate Student Conference‖, Queensland University of 
Technology, 24–25 November 2011, Brisbane, Australia (Oral presentation: The impact 
of temperature on years of life lost in Brisbane, Australia) 
―41st Annual Conference of the Public Health Association of Australia (PHAA)‖, 26–28 
September 2011, Brisbane, Australia (Oral presentations: (1) Hand drying: what does 
the scientific evidence tell us? (2) Years of life lost due to cold and hot temperatures in 
Brisbane) 
―23rd Annual Conference of the International Society for Environmental Epidemiology 
(ISEE)‖, 13–16 September 2011, Barcelona, Spain (Post presentations: (1) Projecting 
heat-related mortality under climate change scenarios: a systematic review; (2) Years of 
life lost due to cold and hot temperatures in Brisbane, Australia) 
―An International Forum on Climate Change Adaptation and Health: Meeting the 
Challenge‖, Griffith University, 9–10 August 2011, Brisbane, Australia 
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―Conference: Children‘s Health and Environment Program‖, The University of 
Queensland and the Queensland Children‘s Medical Research Institute, 5–7 August 2011, 
Brisbane, Australia 
―CSIRO Climate Adaptation Flagship Science Symposium‖, 26–27 July 2011, 
Melbourne, Australia (Post presentation: Years of life lost due to cold and hot 
temperatures in Brisbane) 
―4th ACCARNSI Early Career Research Forum‖, Australian Climate Change Adaptation 
Research Network for Settlements and Infrastructure (ACCARNSI), 24–26 November 
2010, Adelaide, Australia (Oral presentation: The links between climate change, built 
environment and public health) 
―2010 International Climate Change Adaptation Conference‖, NCCARF and CSIRO, 29 
June –1 July 2010, Gold Coast, Australia (Post presentation: Assessment of constraints 
and barriers to public health adaptation to climate change) 
―2010 Fenner Conference on the Environment‖, Australian Academy of Science, 23–24 
June 2010, Canberra, Australia 
―11th Symposium on Harmony World and Sustainable Development‖, The Western 
Returned Scholars Association of China, 2–3 November 2009, Sydney, Australia 
―IHBI Inspires 2009 Postgraduate Student Conference‖, Queensland University of 
Technology, 17–18 November 2009, Brisbane, Australia 
―Public Health: Research, Policy and Practice‖, Public Health Association of Australia 
(PHAA) Queensland State Conference, 23–24 July 2009, Brisbane, Australia 
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Journal Articles: 
1. Huang C, Barnett AG, Xu Z, Chu, C, Wang X, Turner LR, Tong S. (2013). 
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ahead. Environmental Health Perspectives. Under final review. 
2. Xie H, Yao Z, Zhang Y, Xu Y, Xu X, Liu T, Lin H, Lao X, Rutherford S, Chu C, 
Huang C, Baum S, Ma W. (2012). Short-term effects of the 2008 cold spell on 
mortality in three subtropical cities in Guangdong Province, China. Environmental 
Health Perspectives. doi:10.1289/ehp.1104541. 
3. Huang C, Barnett AG, Wang X, Tong S. (2012) Effects of extreme temperatures on 
years of life lost for cardiovascular deaths: a time series study in Brisbane, Australia. 
Circulation: Cardiovascular Quality and Outcomes, 5(5):609–614. (With press 
release by the American Heart Association) 
4. Xu Z, Etzel RA, Su H, Huang C, Guo Y, Tong S. (2012) Impact of ambient 
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117:120–131. 
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Exposure to extreme heat has been associated 
with both increased mortality and morbidity. 
A number of epidemiological studies have 
examined high temperatures in relation to 
total non accidental deaths (McMichael et al. 
2008; Stafoggia et al. 2006), to cause-specific 
mortality (Barnett 2007; Hertel et al. 2009), 
and to other health outcomes such as emer-
gency department visits and hospitalizations 
(Knowlton et al. 2009; Wang et al. 2009). 
In fact, heat waves are the biggest cause of 
weather-related fatalities in many cities, 
responsible for more deaths annually than any 
other form of extreme weather [Luber and 
McGeehin 2008; World Health Organization 
(WHO) 2009a].
Recently, heat-related mortality has 
become a matter of growing public health 
concern, especially because of climate change 
(Kovats and Hajat 2008; O’Neill and Ebi 
2009). The Intergovernmental Panel on 
Climate Change (IPCC) indicates that hot 
weather is likely to increase future heat-re-
lated mortality (IPCC 2007a). Urban areas, 
home to more than half of the world’s popu-
lation (United Nations 2009), can be par-
ticularly vulnerable to heat because of high 
concentrations of susceptible people (Hajat 
et al. 2007), the urban heat island effect 
(Smargiassi et al. 2009), poor urban design 
and planning (Stone et al. 2010), and the 
interaction between air pollution and heat 
(Ren et al. 2006).
People with cardiovascular or respiratory 
disease, diabetes, chronic mental disorders, 
or other pre existing medical conditions are 
at greater risk from heat exposure (Kovats 
and Hajat 2008; WHO 2009a). The effects 
of heat are particularly strong in the elderly 
(Basu and Ostro 2008; Vaneckova et al. 
2008a). Other factors that influence the risks 
of heat-related mortality include social isola-
tion (Naughton et al. 2002; Semenza et al. 
1996), low income (Kaiser et al. 2001), low 
education (O’Neill et al. 2003), poor hous-
ing (Vandentorren et al. 2006), lower access 
to air conditioning (O’Neill et al. 2005), 
and less availability of health care services 
(WHO 2009a).
Many study designs have been used to 
examine the effects of temperature on mor-
tality, including descriptive (Reid et al. 
2009), case–control (Naughton et al. 2002), 
case-only (Schwartz 2005), case-crossover 
(Smargiassi et al. 2009; Stafoggia et al. 2006), 
time-series (Hajat et al. 2002; Kan et al. 
2007), spatial (Vaneckova et al. 2010), and 
synoptic analyses (Vaneckova et al. 2008b). 
Generally, time-series and case-crossover are 
considered more efficient designs for examin-
ing the temperature–mortality relationships 
in single or multiple locations over time (Basu 
and Samet 2002; Basu et al. 2005). These 
designs aim to investigate the health effects 
of temperature after controlling for potential 
confounders such as trends and seasonal cycles 
in mortality and, in some cases, humidity and 
air pollution (Kovats and Hajat 2008).
The health effects of heat can be estimated 
using the heat threshold and the heat slope. The 
temperature–mortality relationship is usually 
a non linear U-, V-, or J-shape. Many studies 
have quantified cold and heat effects separately, 
assuming a linear response below and above 
a threshold temperature (Baccini et al. 2008; 
Hajat and Kosatsky 2010; McMichael et al. 
2008). The heat threshold is the temperature 
at which the harmful effect of heat begins to 
occur, and the heat slope measures the size of 
this effect (Hajat and Kosatsky 2010). A signifi-
cant geographic variability has been observed in 
both heat thresholds and slopes. Heat thresh-
olds tend to be higher in warmer locations, 
suggesting acclimatization (Baccini et al. 2008; 
Medina-Ramon and Schwartz 2007).
Many studies have found associations 
between high temperatures and mortality, but 
more research is needed on the impacts of cli-
mate change on future heat-related mortality 
(Campbell-Lendrum and Woodruff 2007; 
Costello et al. 2009; Ebi and Gamble 2005; 
Huang et al. 2011; WHO 2009b). Scenario-
based projections have been used as a key 
approach for policy making and planning in the 
context of uncertain future conditions (Varum 
and Melo 2010). The IPCC has developed a 
set of scenarios in its Special Report on Emissions 
Scenarios (SRES; Nakicenovic et al. 2000). 
These scenarios are not assigned probabilities 
but, rather, can be deemed as possible futures, 
which depend on demographic, technologi-
cal, political, social, and economic develop-
ments (Nakicenovic et al. 2000). Scenarios 
are used not to better predict the future but 
to better understand uncertainties in order to 
reach decisions that are robust under a range of 
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future changes in climate, population, and acclimatization. Further research is needed to provide a 
stronger theoretical framework for projections, including a better understanding of socioeconomic 
development, adaptation strategies, land-use patterns, air pollution, and mortality displacement.
conclusions: Scenario-based projection research will meaningfully contribute to assessing and 
managing the potential impacts of climate change on heat-related mortality.
key words: climate change, heat wave, mortality, projection, public health, scenario. Environ 
Health Perspect 119:1681–1690 (2011). http://dx.doi.org/10.1289/ehp.1103456 [Online 4 August 
2011]
Huang et al.
1682 volume 119 | number 12 | December 2011 • Environmental Health Perspectives
possible futures (Moss et al. 2010). Informed 
by quantitative or qualitative evidence, projec-
tions provide decision makers with information 
on a variety of future trends, contexts, risks, and 
opportunities. Projecting heat- related mortality 
under climate change scenarios will therefore 
help decision makers in planning adaptation 
strategies and communicating the future health 
risks of climate change to the public and politi-
cians (Menne and Ebi 2006).
Understanding and managing uncertainty 
and complexity are the greatest challenges for 
projecting future heat-related mortality. The 
major difficulties are the long timescale over 
which climate change will occur; the diver-
sity of potential impacts on health; and the 
complex interactions among demographic 
changes, socioeconomic development, tech-
nological innovation, and other environmental 
drivers (Ebi 2008; Frumkin and McMichael 
2008; Gosling et al. 2008; Kinney et al. 2008). 
Currently, there are no guidelines for scenario-
based projection research on heat-related mor-
tality, and only a few studies have examined 
this issue. This article aims to fill this knowl-
edge gap using a systematic review and to 
make recommendations for future research.
Search Strategy and 
Selection Criteria
A literature search was conducted in August 
2010 using the electronic databases PubMed 
(National Library of Medicine 2010), Scopus 
(Elsevier 2010b) and ScienceDirect (Elsevier 
2010a), ProQuest (2010), and Web of Science 
(Thomson Reuters 2010). The search was lim-
ited to journal articles published in English 
from January 1980 through July 2010. The 
key words used were heat, temperature, mor-
tality, death, climate change, projection, and 
scenario. References and citations of the arti-
cles identified were inspected to ensure that all 
relevant articles were included.
Three inclusion criteria were used to select 
articles. First, articles had to include at least 
one projection of future heat-related mortality; 
studies of the climate change impact solely on 
future infectious diseases or air pollution were 
excluded. Second, in order to obtain authorita-
tive information, this review included only peer-
reviewed journal articles; books, reports, and 
conference abstracts were excluded. Third, we 
included only quantitative, empirical studies; 
reviews and qualitative studies were excluded.
Results
We found 14 studies, including three that 
considered both the future impacts of heat 
and air pollution on mortality. These studies 
are summarized in Table 1, with the most 
recent studies listed first.
Main findings. In a study of the possible 
health impacts of climate change in 44 U.S. 
cities, Kalkstein and Greene (1997) estimated 
that increases in heat-related mortality would 
range from 70% to > 100% in 2050, relative 
to the baseline 1964–1991 summer mortal-
ity. Winter mortality would drop slightly, but 
this would not offset the increases in sum-
mer mortality to any significant degree. Large 
increases in heat-related mortality have also 
been projected for other cities in the United 
Table 1. Characteristics of studies that projected heat-related mortality under climate change scenarios.
Reference Setting
Study 
period Mortality
Temperature 
exposure Projection results
Jackson et al. 2010 Four areas in Washington State: 
the Greater Seattle Area, Tri-
Cities, Spokane County, and 
Yakima County, USA
2025, 2045, 
2085
Heat events and air 
pollution
Humidex The largest number of projected deaths in all years and 
scenarios for the Seattle region was found for persons 
≥ 65 years of age. Under the middle warming scenario, 
this age group is expected to have 96, 148, and 266 excess 
deaths in 2025, 2045, and 2085, respectively.
Hayhoe et al. 2010 Chicago, USA 1961–1990, 
2010–2039, 
2040–2069, 
2070–2099
Heat related Spatial Synoptic 
Classification
Annual average mortality rates by the end of this century 
are projected to equal 1995 levels under lower B1 
emissions scenario and to reach twice 1995 levels under 
higher A1FI emissions scenario.
Baccini et al. 2010 Fifteen European cities: Athens, 
Barcelona, Budapest, Dublin, 
Helsinki, Ljubljana, London, Milan, 
Paris, Prague, Rome, Stockholm, 
Turin, Valencia, Zurich
2030 Heat related Maximum 
apparent 
temperature
The number of heat-related deaths per summer ranged from 
0 in Dublin to 423 in Paris. The highest impact was in three 
Mediterranean cities (Barcelona, Rome, and Valencia) and 
in two continental cities (Paris and Budapest). The largest 
impact was on persons > 75 years of age, but in some 
cities relatively large proportions of heat-related deaths 
were also found among younger adults.
Doherty et al. 2009 Fifteen U.K. conurbations in 
England and Wales
2003, 2005, 
2006, 2030
Heat and ozone 
exposure
Mean 
temperature
In the summers of 2003, 2005, and 2006 around 5,000 
deaths were attributable to heat in England and Wales. 
The authors did not present the 2030 projection results.
Cheng et al. 2009b Four cities in south-central Canada: 
Montreal, Ottawa, Toronto, and 
Windsor
2040–2059, 
2070–2089
Differential and 
combined impacts 
of extreme 
temperatures and 
air pollution
Synoptic 
weather typing
Heat-related mortality is projected to be more than double 
by the 2050s and triple by the 2080s from the current 
levels. Cold-related mortality could decrease by 45–60% 
and 60–70% by the 2050s and the 2080s, respectively. 
Population acclimatization to increased heat could reduce 
future heat-related mortality by 40%.
Gosling et al. 2009 Six U.S., European, and Australian 
cities: Boston, Budapest, Dallas, 
Lisbon, London, and Sydney
2070–2099 Summer heat 
related
Maximum 
temperature
Higher mortality is attributed to increases in the mean 
and variability of temperature with climate change 
rather than with the change in mean temperature alone. 
Acclimatization to an increase of 2°C reduced future 
heat-related mortality by approximately half that of no 
acclimatization in each city.
Doyon et al. 2008 Three cities in Québec, Canada: 
Montréal, Québec, and Saguenay
2020, 2050, 
2080
Heat and cold 
related
Mean 
temperature
A significant increase in summer mortality is projected, 
and a smaller but significant decrease in fall. The slight 
changes in projected mortality for winter and spring were 
not statistically significant. The changes in projected 
annual mortality are dominated by an increase in mortality 
in summer, which is not balanced by the decrease in 
mortality in fall and winter. The difference between the 
mortality changes projected with the A2 or B2 scenarios 
was not statistically significant.
continued next page
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States. Heat-related mortality in Los Angeles 
(Hayhoe et al. 2004) by the 2090s was pro-
jected to increase by two to three times under 
the lower B1 emissions scenario and by five 
to seven times under the higher A1FI emis-
sions scenario relative to 1961–1990. In the 
New York City metropolitan region, projected 
increases in heat-related mortality ranged from 
47% to 95% by the 2050s, with a mean 70% 
increase compared with the 1990s (Knowlton 
et al. 2007). Annual average mortality rates in 
Chicago by the end of this century were pro-
jected to be equal to those of 1995-like heat 
waves under the B1 emissions scenario and 
to reach twice the 1995 levels under the A1FI 
emissions scenario (Hayhoe et al. 2010). In 
Washington State, the largest projected excess 
deaths for the Seattle region occurred in those 
≥ 65 years of age. Holding the population pro-
jection constant at the 2025 level, and using 
a moderate warming scenario, this age group 
was projected to have 96, 148, and 266 excess 
deaths due to heat events in 2025, 2045, and 
2085, respectively (Jackson et al. 2010).
In three cities in Canada, Doyon et al. 
(2008) projected a significant increase in 
temperature-related mortality in summer 
that was not offset by a significant but smaller 
estimated decrease in fall and winter mor-
tality. Cheng et al. (2009b) projected that 
heat- related mortality in four Canadian cit-
ies would more than double by the 2050s 
and triple by the 2080s, and that cold-related 
mortality could decrease by 45–60% by the 
2050s and by 60–70% by the 2080s.
In Australia, Guest et al. (1999) applied the 
climate–mortality relationship estimated for 
1979–1990 to scenarios for climate and demo-
graphic changes to predict potential impacts on 
mortality in five major cities in 2030. They esti-
mated that changes in mortality due to direct 
climatic effects would be small after considering 
reduced winter mortality. However, we feel that 
this is probably because of the relative insensi-
tivity of warming to emissions scenarios, over 
the short period to 2030 (Murphy et al. 2009).
Baccini et al. (2010) projected that cli-
mate change in Europe would have the 
greatest impact on three Mediterranean cities 
(Barcelona, Rome, and Valencia) and two con-
tinental cities (Paris and Budapest). The largest 
estimated impact according to age was on per-
sons > 75 years of age, but in some cities rela-
tively large proportions of heat-related deaths 
were also projected for younger adults. Dessai 
(2003) projected that annual heat-related 
deaths in Lisbon would increase from 5.4–6.0 
per 100,000 in 1980–1998 to 5.8–15.1 
in the 2020s, and to 7.3–35.6 in the 2050s. 
Takahashi et al. (2007) projected global rates 
of excess deaths due to heat would increase by 
100% to 1,000% in the 2090s relative to the 
1990s. The authors projected that the burden 
of future heat-related mortality would vary by 
country, with greater effects in China, India, 
and Europe because of the high population 
density of these regions. Their estimates were 
based on World Bank population estimates for 
the year 2000 and assumed no change in future 
population density or age composition.
It has been estimated that popula-
tion acclimatization could reduce future 
Table 1. continued
Reference Setting
Study 
period Mortality
Temperature 
exposure Projection results
Knowlton et al. 
2007
New York City region, USA 1990s, 
2050s
Summer heat 
related
Mean 
temperature
Projected increases in heat-related mortality by the 2050s 
ranged from 47% to 95%, with a mean 70% increase 
compared with the 1990s. Acclimatization reduced future 
summer heat-related mortality by about 25%. Urban 
counties had greater numbers of deaths and smaller 
percentage increases than did less urbanized counties.
Takahashi et al. 
2007
The entire globe 2091–2100 Heat related Maximum 
temperature
When the changes of excess mortality due to heat were 
examined by country, the results showed increases of 
approximately 100% to 1,000%. When considered with 
present population densities, significant increases in 
excess mortality are predicted in China, India, and Europe.
Hayhoe et al. 2004 Los Angeles, USA 2070–2099 Heat related Maximum 
apparent 
temperature
From a baseline of around 165 excess deaths during the 1990s, 
heat-related mortality was projected to increase by about 
2–3 times under B1 and by about 5–7 times under A1FI by 
the 2090s if acclimatization was taken into account. Without 
acclimatization, these estimates were 20–25% higher.
Dessai 2003 Lisbon, Portugal 2020s, 
2050s, 
2080s
Summer heat 
related
Maximum 
temperature
Annual heat-related mortality was estimated to increase 
from between 5.4–6.0 (per 100,000) for 1980–1998 
to between 5.8–15.1 for the 2020s. By the 2050s, the 
potential increase ranged from 7.3 to 35.6. For the summer 
months mean approach, acclimatization reduced deaths 
on average by 15% for the 2020s and 40% for the 2050s, 
respectively, whereas for the 30-day running mean 
approach acclimatization reduced deaths by 32% and 54%.
Guest et al. 1999 Five cities in Australia: Adelaide, 
Brisbane, Melbourne, Perth, 
Sydney
2030 Heat and cold 
related
Temporal 
synoptic 
indices
After allowing for increases in population and combining all 
age groups, the projection is a 10% reduction in mortality in 
the year 2030 when considering reduced winter mortality.
Martens 1998 Twenty cities worldwide: Mauritius, 
Buenos Aires, Caracas, San Jose, 
Santiago, Beijing, Guangzhou, 
Singapore, Tokyo, Amsterdam, 
Athens, Budapest, London, 
Madrid, Zagreb, Los Angeles, New 
York, Toronto, Melbourne, Sydney
2040–2100 Heat and cold 
related
Mean 
temperature
For most of the cities, global climate change is likely to lead 
to a reduction in mortality rates because of decreasing 
winter mortality. This effect is most pronounced for 
cardiovascular mortality in elderly people in cities that 
experience temperate or cold climates at present.
Kalkstein and 
Greene 1997
Forty-four U.S. cities with > 1 mil-
lion people
2020, 2050 Heat and cold 
related
Spatial Synoptic 
Classification
Increases in the frequency of summer high-risk air masses 
could contribute to significantly higher summer mortality, 
especially for the 2050 models. Increases in heat-related 
mortality ranged from 70% for the most conservative GCM 
to > 100% for the other GCMs in 2050, even if the popula-
tion acclimatized to the increased heat. Winter mortality 
would drop slightly, but this would not offset the increases 
in summer mortality to any significant degree.
Huang et al.
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Table 2. Methodological issues of studies that projected heat-related mortality under climate change scenarios.
Reference
Baseline temperature–
mortality relationship
Climate change 
scenarioa Climate modelb Downscaling Demographic change Acclimatization
Jackson et al. 
2010
The relationship between age- 
and cause-specific mortality 
from 1980 to 2006 and heat 
events at the 99th Humidex 
percentile from 1970 to 2006
Three scenarios: 
high, moderate, 
and low summer 
warming
The high scenario 
was the HadCM-
A1B model, the low 
scenario was the 
PCM1-B1 model, and 
the middle scenario 
was the mean of 
the two composite 
models using either 
the A1B or B1 
emissions scenario
Did not consider Projected county population 
estimates by age group 
were obtained for the years 
2005–2030; in predicting future 
heat-related mortality, the 
population was held constant 
at the 2025 projection, which 
allowed differences in excess 
deaths between years to be 
interpreted as the component 
due to climate change
Assumed no 
acclimatization
Hayhoe et al. 
2010
The Spatial Synoptic 
Classification method to 
quantify the meteorological 
and seasonal contributions 
to heat-related mortality 
in Chicago for the years 
1961–1990
Two scenarios: A1FI 
and B1
Three GCMs: GFDL 
CM2.1, HadCM3, and 
PCM
Statistical 
downscaling
Assumed no demographic change Assumed no 
acclimatization
Baccini et al. 
2010
The study of city-specific air-
quality–adjusted estimates 
of mortality risk by maximum 
apparent temperature over 
the years 1990–2001 (Baccini 
et al. 2008)
Three scenarios: B1, 
A1B, and A2
Did not use any climate 
models; B1 equal 
to 1.8°C, A1B equal 
to 2.8°C, A2 equal 
to 3.4°C increase 
in temperature by 
2090–2099 relative to 
1980–1999
Did not consider Assumed no demographic change Assumed no 
acclimatization
Doherty et al. 
2009
Estimates of ozone- and heat-
mortality were based on time 
series of daily mortality for 
the period May–September 
1993–2003 for the 15 English 
and Welsh conurbations
Three scenarios: 
optimistic 
(maximum feasible 
reduction), 
pessimistic (SRES 
A2), and current 
legislation
The coupled WRF-
EMEP4UK model 
was used to simulate 
daily surface 
temperature and 
ozone
Did not consider Assumed no demographic change Did not consider
Cheng et al. 
2009b
An automated synoptic 
weather typing approach 
was used to assess the 
relationship between 
weather types and elevated 
mortality for the years 
1954–2000 (Cheng et al. 
2009a)
Three scenarios: 
IS92a, A2, and B2
Canadian GCM 
CGCM1, Canadian 
GCM CGCM2, U.S. 
GCM GFDL-R30
Statistical 
downscaling
Assumed no demographic change The five hottest and 
coolest summers 
in each city were 
selected; the 
difference in daily 
mean deaths 
between the hottest 
and coolest summers 
was assumed to be 
due to acclimatization
Gosling et al. 
2009
The relationship between 
temperature and summer 
mortality in different 
cities for the historical 
years (Boston 1975–1998, 
Budapest 1970–2000, 
Dallas 1975–1998, Lisbon 
1980–1998, London 1976–
2003, and Sydney 1988–2003) 
(Gosling et al. 2007)
Two scenarios: A2 
and B2
The U.K. HadCM3 
GCM
Did not consider Assumed no demographic change Three possibilities: 
no acclimatization, 
acclimatization to 
an increase of 2°C, 
and acclimatization 
to an increase of 4°C 
relative to present
Doyon et al. 
2008
The relationship between total 
mortality (excluding trauma) 
and climate for different 
cities during the period 
1981–1999
Two scenarios: A2 
and B2
The U.K. HadCM3 
GCM
Statistical 
downscaling
Assumed no demographic change Assumed no 
acclimatization
Knowlton 
et al. 2007
Derived from a study of 
observed temperature and 
mortality in 11 eastern 
U.S. cities for the years 
1973–1994 (Curriero et al. 
2002)
Two scenarios: A2 
and B2
The GISS–MM5 linked 
model
Dynamic 
downscaling
Assumed no demographic change Modeled 
acclimatization 
by using a heat 
exposure–mortality 
response function 
derived from two 
U.S. cities with 
current observed 
temperatures similar 
to those projected 
for the 2050s in the 
New York region
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heat-related mortality by 20–25% in Los 
Angeles (Hayhoe et al. 2004), 25% in New 
York City (Knowlton et al. 2007), and 40% 
in south-central Canada (Cheng et al. 2009b). 
In Lisbon, acclimatization could reduce heat-
related deaths on average by 15% in the 2020s 
and 40% in the 2050s, relative to projections 
assuming no acclimatization (Dessai 2003). 
Gosling et al. (2009) estimated that acclimati-
zation to an extra 2°C in maximum tempera-
ture would reduce future heat-related mortality 
by 50%. However, complete acclimatization to 
high temperatures is unlikely because it would 
require extensive improvements to existing 
buildings (particularly in poor areas), and 
because the capacity for acclimatization will 
be reduced in vulnerable populations such as 
patients with advanced heart disease (Kalkstein 
and Greene 1997).
In summary, most projections showed that 
climate change would result in a substantial 
increase in heat-related mortality. Also, most 
studies did not consider demographic changes 
that are expected to result in an aging population 
(who are more susceptible to heat), which could 
lead to an underestimation of future heat-related 
mortality. Acclimatization could reduce future 
heat-related mortality, but it would not entirely 
eliminate the impacts of climate change on mor-
tality. The studies identified by our review used 
many different climate models, emissions sce-
narios, time periods, temperature exposures, and 
assumptions. It is therefore difficult to compare 
the different studies using standardized results 
that are stratified by periods and locations. It is 
also not possible to conduct a meta-analysis to 
create a combined estimate of the impacts of 
climate change on heat-related mortality.
Methodological issues. Projecting heat-
related mortality under climate change mod-
els and scenarios requires understanding of 
the historical temperature–mortality relation-
ships and consideration of the future changes 
in climate, population, and acclimatization. 
Estimation of the possible health conse-
quences of climate change is inherently dif-
ficult and involves numerous uncertainties, as 
outlined below and summarized in Table 2.
Baseline temperature–mortality relation-
ships. Mortality projections are based on histori-
cal exposure–response functions of temperature 
Table 2. continued
Reference
Baseline temperature–
mortality relationship
Climate change 
scenarioa Climate modelb Downscaling Demographic change Acclimatization
Takahashi 
et al. 2007
The relationship between 
temperature and mortality in 
the 47 prefectures of Japan 
for the years 1972–1995
One scenario: A1B CCSR/NIES/FRCGC 
GCM
Did not consider Assumed no demographic change Assumed no 
acclimatization
Hayhoe et al. 
2004
An algorithm was developed 
for all days with maximum 
apparent temperatures at or 
above 34°C to estimate daily 
heat-related mortality during 
1961–1990
Two scenarios: B1 
and A1FI
Two GCMs: PCM and 
HadCM3
Statistical 
downscaling
Assumed no demographic change Selected “analogue 
summers” best 
duplicating the 
summers as 
expressed in the 
climate change 
scenarios; for Los 
Angeles, the five 
hottest summers 
over the past 24 
years were selected 
based on mean 
summer apparent 
temperature values
Dessai 2003 The climate–mortality 
relationship of the summer 
months of 1980–1998 
(Dessai 2002)
The median of the 
modeled values 
was used because 
at the time RCMs 
had not been run 
with all the SRES 
scenarios
Two RCMs: PROMES 
and HadRM2
High-resolution 
RCMs that 
yield greater 
spatial details 
about climate
The population growth rate from 
each SRES storyline (A1, A2, B1, 
and B2) was applied to the 1990 
Lisbon population to produce 
10-year spaced population figures 
until 2100; the median population 
from these calculations was used 
for simplicity
Assumed that 
complete 
acclimatization to an 
extra 1°C (compared 
with the 1990s) is 
reached after three 
decades
Guest et al. 
1999
The relationship between 
temperature and mortality 
(cause specific and all cause) 
during the period 1979–1990
Low and high 
climate change 
scenarios
The CSIRO-Mk2 GCM Did not consider Data on projected population for 
2030 were obtained; these data 
account for aging as well as 
growth of the population
Assumed no 
acclimatization
Martens 1998 A meta-analysis giving an 
aggregated effect of mean 
temperature on mortality for 
total, cardiovascular, and 
respiratory mortality
Three GCMs 
scenarios
Three GCMs: 
ECHAM1-A, UKTR, 
and GFDL89
Did not consider Assumed no demographic change The sensitivity of 
heat- and cold-
related mortality to 
physiological as well 
as socioeconomic 
adaptation was 
examined
Kalkstein and 
Greene 1997
An air mass–based synoptic 
procedure was used to 
evaluate the relationships 
between synoptic events and 
mortality for the period of 
1964–1991
Three GCMs 
scenarios
Three GCMs: GFDL, 
UKMO, and the Max 
Planck Institute for 
Meteorology model
Did not consider Assumed no demographic change Analogue cities 
were established 
for each city; these 
analogues represent 
cities whose present 
climate approximates 
the estimated 
climate of a target 
city as expressed by 
the GCMs
Abbreviations: GCM, general circulation model; RCM, regional climate model. For details on the different climate models and emissions scenarios, see IPCC 2007b.
aClimate change scenario is a coherent description of the change in climate under specific assumptions about the growth of greenhouse gas emissions and about other factors that 
may influence future climate. bClimate model is mathematical description of the climate system that enables us to project how the climate may change in the future.
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and mortality that are applied to climate change 
models and emissions scenarios to estimate 
future heat-related mortality. Therefore, it is 
important to consider which measure of tem-
perature is the best predictor of mortality.
Maximum temperature and mean 
tempera ture are commonly used measures of 
heat exposure. For example, Dessai (2002) 
modeled the relationship between maximum 
temperature and excess deaths in Lisbon dur-
ing the summer months in 1980–1998 and 
then applied different climate and population 
change scenarios to the model to assess poten-
tial impacts on mortality in the 2020s and 
2050s (Dessai 2003). Knowlton et al. (2007) 
projected the impacts of climate change on 
summer mortality using modeled daily mean 
temperatures for New York City. Martens 
(1998) reviewed the literature on the relation-
ship between mean temperature and mortality 
and derived a pooled estimate of the effect of 
temperature on mortality using meta-analysis.
Others have used composite indices, which 
examine the combined effects of ambient tem-
perature, humidity, and other meteorological 
variables. For example, the synoptic approach 
is an air-mass–based method that quantifies 
the effect of air and dew point temperatures, 
wind speed, cloud cover, barometric pressure, 
and others. The apparent temperature and 
Humidex combine the effects of temperature 
and humidity. Kalkstein and Greene (1997) 
used the Spatial Synoptic Classification to 
evaluate climate–mortality relationships in the 
U.S. cities. Guest et al. (1999) described the 
climate–mortality relationships by temporal 
synoptic indices in Australia. Hayhoe et al. 
(2004) identified maximum apparent tem-
perature thresholds that were associated with 
rising heat-related mortality in California. 
Jackson et al. (2010) examined the historical 
relationship between age- and cause-specific 
mortality rates and heat events at the 99th 
Humidex percentile in Washington State.
Barnett et al. (2010) examined which 
measure of temperature is the best predictor 
of mortality. The authors compared seven 
temperature measures: maximum, mean, and 
minimum temperature; maximum, mean, 
and minimum apparent temperature; and the 
Humidex, based on daily data for 107 U.S. 
cities during 1987–2000. No one tempera-
ture measure was superior to the others. The 
strong correlation between different tempera-
ture measures suggests that they have a similar 
predictive ability. For the projection research 
of heat-related morality, we therefore propose 
that the temperature measure can be chosen 
based on practical concerns, such as using 
mean temperature, which may be commonly 
available from the climate models.
The choice of model is probably a more 
important consideration than the choice of 
temperature measure. Hajat et al. (2010b) 
compared the predictive capacity of four 
approaches for identifying dangerous hot days: 
physiological classification, synoptic approach, 
temperature–humidity index, and tempera-
ture–mortality relationship. There was little 
agreement across the different approaches, but 
in general, modeling the temperature–mor-
tality relationship most accurately identified 
days of highest excess mortality. For projec-
tion research, we recommend examining the 
heat threshold and slope using a temperature–
mortality relationship based on a continuous 
scale of temperature values.
Choosing a baseline time period for 
the temperature–mortality relationship is 
also important. Temperature–mortality 
relationships in the same city can be very 
different between the 1960s and the 2000s. 
Differences could be due to socioeconomic 
development, demographic change, and 
population acclimatization. Differences in 
the time periods used to estimate the histori-
cal temperature–mortality relationships also 
make it difficult to compare projections across 
studies. Figure 1 highlights the variability of 
different time periods used in each study. 
Because daily mortality data often are not 
available before 1990 in many cities, the time 
period 1996–2005, which centered on 2000, 
is recommended as the baseline.
Climate change projections. Another fun-
damental issue for projecting heat-related 
mortality is the modeling of future climate. 
The IPCC has defined a set of 40 SRES sce-
narios that covered a wide range of the main 
driving forces of future greenhouse gas emis-
sions (IPCC 2007b). These scenarios are struc-
tured in four major families labeled A1, A2, 
B1, and B2. A1 represents rapid economic 
growth, global population peaking in mid-
century, and rapid introduction of new and 
efficient technologies. A1 has three subgroups: 
A1FI (fossil intensive), A1T (non fossil), and 
A1B (balanced). A2 represents high popu-
lation growth, slow economic development, 
and slow technological change. B1 represents 
the same population growth as A1 but rapid 
changes in economic structures toward a ser-
vice and information economy. B2 represents 
intermediate population and economic growth 
with local solutions to economic, social, and 
environmental sustainability. The emissions 
scenarios can be used to project future climates 
based on various general circulation models 
(GCMs) (IPCC 2007b).
Selecting climate models is also not a triv-
ial task, given the strengths and weaknesses of 
various GCMs. There are different types of 
GCMs, depending on whether they incorpo-
rate dynamics from the atmosphere, the ocean, 
or both (IPCC 2007b). However, although all 
GCMs attempt to accurately represent climate 
processes, this gives rise to different GCMs 
adopting different representations and hence 
generates different climate change projec-
tions, even when assuming the same pathway 
of future emissions (IPCC 2007b). For more 
detailed information on emissions scenarios 
and GCMs, see IPCC (2007b).
In the existing studies, Knowlton et al. 
(2007) considered two of the emissions sce-
narios, A2 and B2, which assume relatively 
high and low future emissions, respectively. 
They used both scenarios to model daily 
mean temperatures in the 1990s and 2050s. 
Gosling et al. (2009) applied the same sce-
narios to model daily maximum temperatures 
during 1961–1990 and 2070–2099. Hayhoe 
et al. (2004) projected future climates based 
on the higher A1FI and lower B1 emissions 
Figure 1. Time periods used by studies of climate change and projected mortality, ordered by date of pub-
lication. Blue lines show the baseline time periods; black lines or black circles show the projection time 
periods.
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scenarios. Jackson et al. (2010) selected three 
climate change scenarios for high (A1B), low 
(B1), and moderate (A1B and B1 combined) 
summer warming.
Adding to the uncertainties of emissions 
scenarios, different GCMs were often used 
to simulate the future or current climates. 
Kalkstein and Greene (1997) used three 
GCMs in their study: the GFDL model, the 
UKMO model, and the Max Planck model. 
Guest et al. (1999) used the CSIRO-Mk2 to 
project regional monthly mean changes in 
temperature, rainfall, and other climates. Also, 
because the spatial resolution of GCM results 
is too coarse to be used directly in the impact 
assessment at a local scale, downscaling meth-
ods were introduced. Cheng et al. (2009b) 
used a statistical downscaling approach to 
downscale daily outputs from five GCMs for 
selected cities. Knowlton et al. (2007) used 
the dynamic downscaling approach, in which 
the GCM outputs were used as initial and 
boundary conditions for finer-scale simula-
tions by the climate model. Daily climate pro-
jections from regional climate models (RCMs) 
were also applied to climate–mortality studies. 
RCMs are higher-resolution climate models 
that can be nested within GCMs to provide 
more detailed simulations for a particular 
area. For example, Dessai (2003) used results 
from two RCMs (PROMES and HadRM2) 
that yield greater spatial details about climate.
Climate change scenarios will deter-
mine the size of the predicted future heat-
related mortality. Therefore, it is important 
to consider different emissions scenarios in 
the impact assessment, offering a range of 
possible future climates and health impacts. 
The uncertainty associated with future emis-
sions has been recognized in the U.K. climate 
projections (UKCP09) by giving probabi-
listic projections that correspond to each of 
the three different emissions scenarios: high, 
medium, and low (Murphy et al. 2009). 
These scenarios correspond to three of the 
commonly used emissions scenarios in SRES: 
A1FI, A1B, and B1, respectively.
Because of the varying sets of strengths 
and weaknesses of different GCMs, the IPCC 
suggested that no single GCM can be consid-
ered the best and that multiple GCMs should 
be used to account for modeling uncertainties 
(IPCC 2007b). Also, climate projection data 
at a higher spatial resolution will be more 
valuable, especially for information on the 
urban heat island effect. Better information 
on the probability of heat waves occurrences 
will also increase the accuracy of projections 
concerning the health impacts of climate 
change (Gawith et al. 2009).
Demographic changes. Challenges also 
arise from the uncertainties of future demo-
graphic changes that will modify the future 
sensitivity of populations to heat stress. 
Growing numbers of older adults will 
increase the proportion of the population 
at risk (Kovats and Hajat 2008; Luber and 
McGeehin 2008; O’Neill and Ebi 2009). 
In addition to having a diminished physi-
ological ability to cope with heat, the elderly 
are more likely to live alone, have reduced 
social contacts, and experience poor health 
(Hajat et al. 2010a). Also, the effects of heat 
on mortality appear sometimes to be greater 
in women, especially elderly women (Ishigami 
et al. 2008; Vaneckova et al. 2008a).
To project the effects of climate change 
independent of effects of population trends, 
one approach is to assume that the population 
size and age structure will remain constant. 
For example, Knowlton et al. (2007) assumed 
that population totals for each of the 31 coun-
ties in New York City, based on data obtained 
from the U.S. Census 2000 survey, were held 
constant throughout the modeling period. 
Baseline mortality rates for all age groups were 
also held constant. Similarly, Cheng et al. 
(2009b), Gosling et al. (2009), Takahashi 
et al. (2007), and Hayhoe et al. (2004) did 
not account for population changes.
If susceptible populations are consid-
ered, then future demographic trends should 
be addressed. Guest et al. (1999) used data 
on the projected population for 2030 that 
accounted for an aging population. Jackson 
et al. (2010) obtained the county population 
estimates by age group for the years 2005–
2030. The population was held constant for 
the 2025 projection, allowing differences in 
excess deaths between years to be interpreted 
as the component due to climate change. 
Dessai (2003) estimated population scenarios 
for Lisbon in line with the SRES. The popula-
tion growth rates from each SRES storyline 
were applied to the 1990 Lisbon population 
to produce future population figures until 
2100, and the median population from these 
calculations was used. National population 
projections were not used because they did 
not go far enough into the future.
Population acclimatization. How popula-
tions may acclimatize to elevated temperatures 
over time is another issue affecting mortal-
ity projections (Kalkstein and Greene 1997). 
Acclimatization can be a physiological pro-
cess of humans adjusting to changes in their 
environment (Moseley 1994). People may 
also adapt to extreme heat through increased 
use of air conditioning, modified behavior 
patterns, and improved building designs and 
urban planning (Gosling et al. 2008; Kinney 
et al. 2008; O’Neill et al. 2005).
One approach is to assume that no accli-
matization takes place in the future. For 
example, Baccini et al. (2010) argued that epi-
demiological evidence of the extent to which 
short- or long-term acclimatization alters mor-
tality risk is limited and sometimes discordant. 
For their projections the authors therefore 
assumed that no acclimatization occurred, 
and hence there would be no future change 
in the temperature–mortality relationship. 
Jackson et al. (2010), Hayhoe et al. (2010), 
Doyon et al. (2008), Takahashi et al. (2007), 
Guest et al. (1999), and Martens (1998) also 
assumed no future acclimatization.
To incorporate acclimatization, one 
approach is to use the exposure–response curves 
from analogue cities. These analogues represent 
cities whose present climate best approximates 
the estimated future climate of a target city. 
For example, Knowlton et al. (2007) modeled 
acclimatization in New York City using a tem-
perature–mortality response function derived 
for Washington, DC, and Atlanta, Georgia 
(USA), which had mean summer temperatures 
for 1973–1994 that were within approximately 
1°F of projected temperatures for the New 
York City region in the 2050s. However, esti-
mates based on this approach may be biased if 
social, economic, and demographic characteris-
tics related to mortality differ greatly between 
the target and analogue regions.
Another approach involves the use of ana-
logue summers from the same city to model 
population acclimatization. Hayhoe et al. 
(2004) used analogue summers whereby future 
acclimatization was based on the temperature–
mortality relationship only in the hottest sum-
mers on record. Cheng et al. (2009b) identified 
the five hottest and five coolest summers dur-
ing 1953–2000 and attributed the differences 
in daily mean deaths between the hottest and 
coolest summers to acclimatization.
Others have accounted for acclimatization 
by shifting current temperature–mortality 
relationships to the future. Using this method, 
the heat threshold increases with time but 
the slope of the temperature–mortality rela-
tionship remains unchanged. Dessai (2003) 
assumed that complete acclimatization to an 
extra 1°C warming in maximum tempera-
ture is reached every three decades. Gosling 
et al. (2009) considered three possibilities of 
future acclimatization: no acclimatization, 
acclimatization to an increase of 2°C, and 
acclimatization to an increase of 4°C. How 
acclimatization might reduce the impacts of 
climate change is not well understood, and 
there is no consensus on how to estimate its 
effect. We recommend conducting sensitivity 
analyses using different approaches to model 
population acclimatization when projecting 
future heat-related mortality.
Discussion
The potential impacts of climate change 
on heat-related mortality are the subject of 
increasing public health concern (IPCC 2007a; 
WHO 2008). A variety of methods have been 
used to project future heat-related mortality. 
Although each of the methods has limitations, 
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collectively they provide insight concerning 
projections of heat-related mortality under cli-
mate change scenarios. Projecting heat-related 
mortality under a changing climate requires 
analysis of historical exposure–response func-
tions of temperature and mortality and con-
sideration of the future changes in climate, 
population, and acclimatization.
Reliable climate projections are now 
increasingly available for many regions of the 
world because of advances in climate model-
ing (IPCC 2007b). The GCMs provide cred-
ible estimates of future climate change. Their 
credibility comes from the well-established 
physical basis of climate models, from the 
ability to simulate important aspects of the 
current climate, and from the ability to repro-
duce features of past climate changes (IPCC 
2007b). Using the multimodel ensembles, 
along with statistical and dynamical tech-
niques for regionalizing GCM outputs, 
climate researchers have moved toward rep-
resenting changes in future climate with prob-
abilities (IPCC 2007b; Murphy et al. 2009). 
It is possible that regional climate projections 
for a given emissions scenario could soon 
become routine. There is an urgent need for 
the environmental health community to con-
duct evidence-based assessments of the health 
impacts of climate change by closer collabora-
tion with climate researchers.
Uncertainties in climate change projec-
tions should also be considered. Uncertainties 
may arise from model parameters, or from 
structural uncertainties as some processes in 
the climate system are not fully understood 
or are impossible to resolve because of com-
putational constraints (IPCC 2007b). Thus, 
the estimates of future heat-related mortality 
contain uncertainties that need to be carefully 
interpreted for policy implications.
Another important consideration is the 
stability of temperature–mortality relation-
ships over time. There are limitations to using 
present-day exposure–response functions to 
project future heat-related mortality levels, 
because the relationship between heat and 
mortality may change over time. Changes in 
mortality risk may occur because of an aging 
population or because of acclimatization, 
socioeconomic development, and adaptation 
strategies (Ebi 2008; Gosling et al. 2009). If 
we do not consider adaptations in the model-
ing, it would likely lead to an overestimate of 
the future effects of heat. For instance, adap-
tation may occur through improved building 
design and better city planning and land-
use patterns, such as green roofs, reflective 
surfaces on roads and buildings, tree plant-
ing, and preservation of regional green space 
(Luber and McGeehin 2008; Younger et al. 
2008). Adaptation may include changes in 
exposure patterns as people may spend less 
time outside, thereby altering the impact of 
heat (Kinney et al. 2008). The prevalence of 
air conditioning has increased, and this trend 
is expected to continue (O’Neill et al. 2005). 
The implementation of heat health warning 
systems is becoming more widespread, and 
these systems may reduce the health risks 
from heat waves (Ebi and Schmier 2005).
There is conflicting evidence of air pollu-
tion being a confounder and an effect modi-
fier of the temperature–mortality relationship. 
Some studies reported confounding effects of 
air pollutants on the association between tem-
perature and mortality (Medina-Ramon and 
Schwartz 2007; Ren et al. 2006), whereas oth-
ers found no evidence of confounding or effect 
modification (Basu et al. 2008; Zanobetti and 
Schwartz 2008). Recent evidence has indicated 
that the confounding effect of air pollution 
is relatively small, and there are independent 
effects of air pollution and temperature on 
mortality (Basu 2009). However, because 
extreme heat events and increased levels of air 
pollution (e.g., ozone) often coincide, it is nec-
essary to understand not only the independent 
effects of heat on mortality but also any com-
bined effects of heat and air pollution (WHO 
2009a). Air pollution is expected to increase in 
urban areas due to climate change, so the joint 
exposure of urban populations to high tem-
peratures and air pollutants will increase in the 
future (O’Neill and Ebi 2009). Future heat-
related mortality may also be due to indirect 
causes, such as deaths due to increased ozone 
caused by increased temperature, or synergistic 
effects of heat and air pollution (Barnett and 
Hansen 2009).
Short-term mortality displacement or 
 “harvesting” is another important issue. 
Mortality displacement suggests that some 
heat-related deaths in already frail populations 
are only hastened by heat exposure (Kovats 
and Hajat 2008). If most heat-related deaths 
were in the very elderly who had only a life 
expectancy in single years, the public health 
significance of heat-related deaths would be 
reduced. Few studies have investigated the 
degree of mortality displacement for heat-
related deaths (Hajat et al. 2005; Toulemon 
and Barbieri 2008). The accurate estimation of 
years of life lost because of high temperatures 
remains unknown and would likely vary as a 
function of the severity and duration of heat 
events (Kinney et al. 2008).
As global average temperatures increase, 
heat-related mortality will increase, but overall 
effects on mortality could be offset somewhat 
by reductions in cold-related mortality (Guest 
et al. 1999; Martens 1998). For example, Davis 
et al. (2004) estimated that a uniform 1°C 
warming results in a net mortality decline of 
2.65 deaths per standard million per metropol-
itan areas, with 3.61 additional deaths in sum-
mer and 8.92 fewer deaths in winter in U.S. 
cities. Nevertheless, many scientists believe that 
the future increase in heat-related mortality is 
unlikely to be offset by the reduction in cold-
related mortality, especially in the medium to 
long term (Costello et al. 2009; McMichael 
et al. 2003; Patz et al. 2005; WHO 2008). 
More studies are needed to understand how 
the balance of heat-related and cold-related 
mortality could change under different climate 
change and socioeconomic scenarios (IPCC 
2007a). However, because public health adap-
tation strategies could be different for heat 
waves and cold spells, it is better to separate the 
projections of heat- and cold-related mortal-
ity rather than presenting only a net mortality 
change (Gosling et al. 2008).
Although the magnitude of future climate 
change remains uncertain, climate modeling 
exercises indicate that future heat waves will be 
more frequent, more intense, and longer last-
ing (Fischer and Schär 2010; Kintisch 2009; 
Meehl and Tebaldi 2004). Efforts to better 
understand how climate change will affect 
population health, especially among the most 
vulnerable groups, are necessary (Ebi 2008; 
WHO 2009b). Given uncertainties in our 
understanding of the future population vul-
nerability to heat, it is important to use vari-
ous methods to capture a plausible range of 
the health impacts of climate change (Kinney 
et al. 2008). Further research is needed to pro-
vide a stronger theoretical framework for pro-
jecting heat-related mortality under climate 
change scenarios, including better understand-
ing of socioeconomic development, adaptation 
strategies, land-use patterns, air pollution, and 
mortality displacement.
Conclusions
Climate change is likely to cause increased 
heat-related mortality. A few studies have pro-
jected heat-related mortality under different 
climate change scenarios. Significant differ-
ences in projected mortality can be found in 
different emissions scenarios, suggesting that 
greenhouse gas mitigation policies are impor-
tant for protecting human health. Although 
the methods used for projections are still in 
their early stages and have limitations, the 
need for evidence-based assessments of future 
health impacts of climate change is urgent. 
Such research will significantly contribute to 
assessing and managing the potential impacts 
of climate change on heat-related mortality.
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Climate change has created a growing interest in the rela-tion between weather and health.1,2 Epidemiological 
studies have shown that ambient temperature has short-term 
effect on overall mortality, with a generally U-shaped relation-
ship because of the increased risks in cold and hot weather.3,4 
Extended periods of extreme temperatures, known as cold 
spells and heat waves, have also been associated with peaks in 
mortality.5,6 The effects of extreme temperatures may last for 
many days, especially for cold weather where the effects can 
be delayed by weeks.7,8
The harmful effects of cold and heat are strongly appar-
ent in cardiovascular disease (CVD).9,10 In many coun-
tries, CVD is the leading cause of death and accounts for 
a large proportion of the total burden of disease.11–13 The 
well-known risk factors for the cause of CVD are tobacco 
smoking, risky alcohol consumption, poor diet, insufficient 
physical activity, high blood pressure and cholesterol, obe-
sity, and diabetes mellitus.14 However, other environmen-
tal factors, such as ambient temperature and air pollution, 
also play a role.15,16 Changes in cholesterol levels and the 
response of autonomic nervous system have been reported 
to increase CVD events during temperature extremes, 
which is a particular concern among older adults with lim-
ited cardiovascular reserve.17–19
Previous studies have investigated the relative mortality 
risk of temperature on CVD.20–22 However, this risk is heav-
ily influenced by deaths among elderly persons. If most tem-
perature-related CVD deaths occur in people with a short life 
expectancy, then temperature exposure would be less of a pub-
lic health concern.23 Conversely, if many temperature-related 
CVD deaths are among people with a longer life expectancy, 
then this would increase the current concern, especially in 
light of the impending higher temperatures because of climate 
change.24
Years of life lost is a measure of disease burden that uses the 
life expectancy at death, and so gives more weight to deaths 
among younger people compared with the traditional measure 
of relative mortality risk that weights all deaths equally.25 In 
this study we examined the effects of temperature on years 
of life lost due to CVD using data from Brisbane, Australia. 
We also investigated whether there were any added effects of 
extreme cold spells and heat waves.
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Background—Extreme temperatures are associated with cardiovascular disease (CVD) deaths. Previous studies have 
investigated the relative CVD mortality risk of temperature, but this risk is heavily influenced by deaths in frail elderly 
people. To better estimate the burden of extreme temperatures, we estimated their effects on years of life lost due to CVD.
Methods and Results—The data were daily observations on weather and CVD mortality for Brisbane, Australia, between 
1996 and 2004. We estimated the association between daily mean temperature and years of life lost due to CVD, after 
adjusting for trend, season, day of the week, and humidity. To examine the nonlinear and delayed effects of temperature, 
a distributed lag nonlinear model was used. The model’s residuals were examined to investigate whether there were any 
added effects due to cold spells and heat waves. The exposure–response curve between temperature and years of life lost 
was U-shaped, with the lowest years of life lost at 24°C. The curve had a sharper rise at extremes of heat than of cold. The 
effect of cold peaked 2 days after exposure, whereas the greatest effect of heat occurred on the day of exposure. There 
were significantly added effects of heat waves on years of life lost.
Conclusions—Increased years of life lost due to CVD are associated with both cold and hot temperatures. Research on 
specific interventions is needed to reduce temperature-related years of life lost from CVD deaths. (Circ Cardiovasc Qual 
Outcomes. 2012;5:609-614.)
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Methods
Data Source
Brisbane is the state capital of Queensland, Australia. It is Australia’s 
third-largest city, with a population of 896 649 as per records in 
2001.26 It has a subtropical climate with hot, humid summers and 
mild, dry winters.
Daily mortality data from January 1, 1996 to November 30, 2004 
were requested from the Office of Economic and Statistical Research 
of the Queensland Treasury. All deaths recorded were of residents of 
Brisbane. The data were the latest available at the time of our request, 
which included date of death, sex, age, and cause of death. Causes of 
deaths were classified according to the International Classification of 
Diseases (ICD), 9th Revision for 1996 (ICD-9 codes: 390–459), and 
10th Revision for 1997 to 2004 (ICD-10 codes: I00–I99). We used a 
fixed life expectancy to estimate the years of life lost for each CVD 
death by matching their age and sex with the Australian life table data 
from 1996 to 2004.27–30 According to these Australian life tables, for 
example, a man aged 50 years in 1996 had a life expectancy of 28.8 
years,27 and a woman aged 80 years in 2004 had a life expectancy of 
9.8 years.30 The daily total years of life lost was the sum of the years 
of life lost for all CVD deaths on the same day. To create the estimates 
on more comparable scales, we also standardized the years of life lost 
to a million people using the 2001 population data. We assumed a 
roughly stable population at risk as we examined all CVD deaths for 
the whole of Brisbane.
Daily weather data were provided by the Australia Bureau of 
Meteorology. We used daily values of maximum temperature, mini-
mum temperature, and relative humidity from the Archerfield station 
located near the city center. Daily mean temperature was the aver-
age of the daily maximum and minimum temperature. When daily 
weather data were missing for Archerfield (<2%), data from Brisbane 
Airport were used. Daily air pollution data were obtained from the 
Queensland Environmental Protection Agency, which included the 
maximum 1-hour average concentrations of ozone (O3) and nitrogen 
dioxide (NO2), and the ambient 24-hour average concentration of par-
ticulate matter with diameters <10 μm (PM10).
Defining a Cold Spell and Heat Wave
There are no standard definitions of a cold spell or heat wave, but most 
are based on extreme cold and heat over a period of days.31,32 To de-
fine cold spells and heat waves, we used a combination of intensity and 
duration: (1) Intensity: the first percentile of daily mean temperature 
(11.7°C) as the cold threshold, and the 99th percentile of daily mean 
temperature (29.2°C) as the heat threshold; (2) Duration: a minimum of 
2 to 4 consecutive days with temperatures below or above the thresholds.
Data Analysis
We used regression models to investigate the association between 
temperature and years of life lost. The dependent variable was the 
total years of life lost due to CVD on each day.
Stage-1: Quantify the general effects of daily temperatures
A distributed lag nonlinear model was used to estimate the asso-
ciation between daily mean temperature and daily total years of 
life lost due to CVD.33 To capture the nonlinear effects of tem-
perature, we used a natural spline with 4 degrees of freedom. Four 
degrees of freedom allow a nonlinear U-shaped association that is 
also asymmetrical with possibly stronger effects at temperature ex-
tremes. To capture the delayed effects of temperature, we assumed 
a maximum lag of 10 days between exposure and death, and this 
lag was modeled using a natural spline with 4 degrees of freedom. 
We adjusted for long-term trends in CVD mortality using a natural 
spline with 4 degrees of freedom. We adjusted for seasonal patterns 
(by month) and day of the week using categorical variables. We 
adjusted for daily humidity using a linear term with a maximum 
lag of 10 days. We plotted the mean and 95% confidence intervals 
(CIs) for the estimated years of life lost per day against daily mean 
temperature.
Stage-2: Examine the added effects of heat waves and  
cold spells
Excess mortality during prolonged extreme temperatures is often 
greater than the predicted using smoothed temperature-mortality 
association.34,35 This is because sustained period of extreme temper-
atures produce an extra effect beyond that predicted by daily tem-
peratures. To investigate the potential added effects of heat waves 
and cold spells, we analyzed the residuals from our stage-1 model. 
Stage-2 model ensures that we estimate the extra effects of extreme 
events after removing the general effects of temperature.36 The heat 
wave and cold spell were defined as binary yes or no variables on each 
day. For example, if January 25 and 26 in 2004 were days with mean 
temperatures above the heat threshold, then January 26 would have 
a value of “yes” for heat wave. January 25 would not be a heat wave 
day because we defined a heat wave as a sustained period of extreme 
temperatures for ≥2 days. We assumed a maximum lag of 10 days for 
the delayed effects of heat waves and cold spells. We compared the 
years of life lost on extreme temperature days with nonextreme days.
Sensitivity Analysis
Several sensitivity analyses were carried out. We stratified the analy-
ses by sex, and adjusted for 3 air pollutants (O3, NO2, and PM10), 
assuming a maximum lag of 10 days between exposure and death. 
We used the Akaike information criterion as a measure of model fit to 
determine whether any pollutants should be adjusted for as confound-
ers. Alternative definitions for cold spells and heat waves were also 
considered. We used the second percentile (12.3°C), third percentile 
(12.6°C), and fifth percentile (13.3°C) of daily mean temperature as 
a cold threshold, and the 98th percentile (28.5°C), 97th percentile 
(27.9°C), and 95th percentile (27.1°C) of daily mean temperature as 
a heat threshold.
All statistical analyses were performed using the R software (version 
2.13.2) (R Development Core Team, Austria). The distributed lag non-
linear models were fitted using the R package dlnm (version 1.4.1).37
Results
Characteristics of Daily Mortality, Years of  
Life Lost, and Ambient Temperature
Summary statistics for daily mortality and years of life lost in 
Brisbane are as given Table 1. Deaths due to CVD (7 deaths 
per day) accounted for more than 40% of total mortality (17 
WHAT IS KNOWN
•	Ambient temperature is associated with an increased 
risk of death, especially for cardiovascular diseases.
•	Previous studies have investigated the relative mor-
tality risk of temperature, but this risk is heavily in-
fluenced by deaths in frail elderly persons.
WHAT THE STUDY ADDS
•	We used years of life lost to examine the effects of 
temperature on cardiovascular deaths in Brisbane, 
Australia.
•	The association between temperature and years of 
life lost was U-shaped, with increased years of life 
lost due to cold and hot temperatures.
•	There were significantly added effects of heat waves 
on years of life lost, whereas there was no added ef-
fect of cold spells.
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deaths per day), representing the most frequent cause of death. 
There were 65 years of life lost per day due to CVD and 219 
years of life lost per day for total mortality (per 1 million 
people the years of life lost per day were 72 due to CVD and 
243 for total mortality).
The average daily mean temperature in Brisbane was 
20.5°C, with the minimum at 9.6°C and the maximum at 
34.5°C (online-only Data Supplement Table I). Spearman 
correlations for the weather variables and air pollutants are in 
online-only Data Supplement Table II.
The effects of temporal trend and season on years of life lost 
for CVD deaths are shown in online-only Data Supplement 
Figures I and II. In Brisbane, daily total years of life lost due 
to CVD decreased over time during the study period, and a 
strong seasonal effect occurred in August.
Association of Temperature and Years of Life Lost
The exposure–response curve between daily mean temperature 
and years of life lost due to CVD is as given in Figure 1. The 
curve is U-shaped, with the lowest years of life lost at 24°C. 
For days with a mean temperature of 10°C, there were 31 
years of life lost per day (95% CI, 11–52 years). There were 
45 years of life lost per day for a mean temperature of 32°C 
(95% CI, 22–67 years). The exposure–response curve has a 
sharper rise at extremes of heat than of cold.
The residuals were checked to evaluate the adequacy of the 
model, by ensuring they were approximately normally distrib-
uted and independent over time (online-only Data Supplement 
Figure III). Several sensitivity analyses were also performed. 
We stratified our analyses by sex, but the exposure–response 
curves for men and women were similar (online-only Data 
Supplement Figure IV). We adjusted for daily air pollutants 
O3, NO2, and PM10 as potential confounders, but the effects 
of temperature on years of life lost did not change (online-
only Data Supplement Figure V). The model with the lowest 
Akaike information criterion was the model without any of 
these air pollutants, we therefore did not include any pollut-
ants in our final model.
To further explore whether the increased years of life lost 
were mainly due to the relatively large number of CVD deaths 
or a relatively large proportion of younger CVD deaths, we 
plotted the percentage of the daily number of CVD deaths 
by age group and daily temperature (online-only Data 
Supplement Figure VI). We also stratified our analyses by age 
groups (online-only Data Supplement Figure VII) and then 
calculated the annual temperature-related years of life lost for 
CVD deaths (online-only Data Supplement Table III). These 
results show that extreme temperatures result in more deaths 
in all age groups, so some of the increased years of life lost are 
due to deaths in younger people.
Delayed Effects of Temperature
Figure 2 shows the delayed effects of cold and hot tempera-
tures on years of life lost due to CVD. We used the first per-
centile of temperature at 12°C to represent a cold day, and 
the 99th percentile of temperature at 29°C to represent a hot 
day. Cold effects lasted longer than heat effects. The great-
est effect of heat occurred in the first day of exposure, then 
decreased rapidly, and returned to baseline levels within 5 
days. Cold effect reached a peak 2 days after exposure, and 
then declined slightly with a delayed effect even after 10 days. 
Table 1. Summary Statistics for Daily Deaths and Years of 
Life Lost in Brisbane, Australia Between 1996 and 2004  
(Data on 3257 Consecutive Days)
Percentile
TotalMean (SD) 25th 50th 75th
Number of deaths per d
 All deaths 16.6 (4.5) 14 16 20 53 838
  By sex
   Men 8.1 (2.9) 6 8 10 26 274
   Women 8.5 (3.1) 6 8 10 27 564
  By age group, y
   0–64 3.0 (1.6) 2 3 4 9746
   65–84 8.1 (3.0) 6 8 10 26 477
   85+ 5.4 (2.5) 4 5 7 17 615
 CVD deaths 7.0 (2.9) 5 7 9 22 842
  By sex
   Men 3.1 (1.8) 2 3 4 9988
   Women 3.9 (2.1) 2 4 5 12 854
  By age group, y
   0–64 0.6 (0.6) 0 0 2 1901
   65–84 3.4 (1.9) 2 3 5 10 961
   85+ 3.1 (1.8) 2 3 4 9980
Years of life lost per d
 All deaths 219 (73.2) 166 213 265 713 091
  By sex
   Men 118 (55.5) 77 112 150 383 806
   Women 101 (47.0) 67 95 130 329 285
  By age group, y
   0–64 102 (59.8) 61 98 141 332 508
   65–84 90 (35.5) 65 87 113 294 411
   85+ 27 (12.5) 18 25 34 86 172
 CVD deaths 65 (32.8) 42 61 84 212 590
  By sex
   Men 32 (23.2) 15 28 45 105 578
   Women 33 (21.6) 17 29 45 107 012
  By age group, y
   0–64 16 (22.6) 0 0 27 53 380
   65–84 34 (20.1) 19 32 47 112 190
   85+ 14 (9.0) 8 13 20 47 020
Age at death
 All deaths 76 (16.1) 70 80 87
  Men 72 (16.8) 65 76 84
  Women 79 (14.6) 74 83 89
 CVD deaths 81 (11.6) 76 83 89
  Men 77 (12.4) 71 79 86
  Women 84 (9.9) 80 86 90
CVD indicates cardiovascular disease.
The total population for Brisbane was 896 649 in 2001.
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A 3-dimensional plot of daily total years of life lost due to 
CVD by temperature and lag is as depicted in online-only 
Data Supplement Figure VIII.
Added Effects of Heat Waves and Cold Spells
Table 2 shows years of life lost due to the added effects of 
heat waves and cold spells in those days matching our defi-
nitions. Using a heat wave definition of 2 days’ temperature 
above the 99th percentile meant 85 years of life lost per day 
for CVD deaths (95% CI, 40–129 years). For a longer dura-
tion of 4 days, there were 264 years of life lost per day during 
heat waves (95% CI, 62–466 years). There was no significant 
increase in years of life lost for CVD deaths during cold spells. 
Sensitivity analyses using leave-one-out method and using 
different heat wave and cold spell definitions confirmed these 
findings (online-only Data Supplement Tables IV and V).
Discussion
Mortality data are important for health risk assessments 
because they generally cover the whole population and 
include key characteristics of deaths. In this study, we 
considered deaths where CVD was the underlying cause. We 
used years of life lost to estimate the burden of temperature 
on CVD mortality. We found that the association between 
temperature and years of life lost due to CVD was U-shaped, 
with increased years of life lost attributable to cold and hot 
temperatures. We also observed significant added effects of 
heat waves, with between 85 and 264 years of life lost per day 
depending on the severity of heat waves.
The majority of previous studies have examined the rela-
tive risk of temperature-related mortality.3,10 However, mortal-
ity risk does not account for deaths at different ages. Years 
of life lost is a useful measure for assessing premature mor-
tality, which represents the preventable loss of life years.25,38 
Understanding how temperature exposure impacts on years of 
life lost will be helpful for ranking the health risks against 
other exposures.
Ambient temperature is an important determinant of human 
health. Exposure to extreme temperatures can act as a trig-
ger for CVD events due to changes in blood pressure, blood 
viscosity, blood cholesterol, and heart rate.9,18,19 Cold weather 
is well known to be associated with a variety of autonomic 
responses in humans, including peripheral vasoconstriction, 
shivering, and increased blood pressure and heart rate. In 
patients suffering from ischemic heart disease, exposure to 
cold may cause a decrease in coronary blood flow, which could 
contribute to coronary spasm, chest pain, and even myocardial 
infarction.39–41 Heat has also been found to induce profound 
physiologic changes such as an increase in blood viscosity and 
cardiac output leading to dehydration, hypotension, and even 
endothelial cell damage. When the temperature rises, the heat 
balance of the body is generally restored by increased blood 
flow to the skin and by sweating. These responses may over-
load the heart and cause hemoconcentration, which could lead 
to coronary and cerebral thrombosis.17,42
Understanding the lag time between temperature exposure 
and years of life lost is important for health care providers 
to develop response plans for extreme temperature events.21,24 
This study showed that the greatest effect of cold on years of 
life lost was not acute, but occurred 2 days later. Conversely, 
the greatest effect of heat occurred on the day of exposure, and 
the effect was limited to 5 days after exposure. Hence, health 
care providers should expect an immediate increase in ambu-
lance call-outs and hospital admissions during hot weather.
A significant added effect of heat waves implies that an 
extra risk arises when the exposure to extreme heat is sus-
tained for ≥2 days (Table 2). However, there was no added 
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Figure 1. The effects of temperature on years of life lost due to 
cardiovascular disease in Brisbane, Australia, between 1996 and 
2004 (solid line) with 95% confidence intervals (gray area). The 
lines along the x-axis show the observed daily mean tempera-
tures. The reference temperature is 24°C.
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Figure 2. The delayed effects of temperature on years of life lost 
due to cardiovascular disease in Brisbane, Australia, by lag (solid 
line) with 95% confidence intervals (gray area). 12°C is the first 
percentile of daily mean temperature representing a cold day, 
and 29°C is the 99th percentile representing a hot day.
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effect of cold spells. It might be that people took better 
protective actions during prolonged cold weather. Such 
evidence may shed new light on future changes in years of 
life lost related to global climate change. It is likely that 
climate change will produce more frequent, more intense, 
and longer lasting heat waves,43 and consequently put addi-
tional stress on vulnerable people such as the elderly and 
those with preexisting CVD. Furthermore, with the trends 
in increasing rates of obesity and related conditions includ-
ing diabetes mellitus, CVD will continue to have a major 
impact on population health in terms of prevalence, mor-
bidity, and mortality.14,44 The growing size of this vulner-
able population could mean that the future disease burden 
of temperature will increase.
Temperature extremes can aggravate existing health con-
ditions and ultimately accelerate the death of patients.1,31 It 
is important to create greater awareness of the dangers of 
extreme temperatures, particularly heat waves, to inform the 
public about how to minimize their risks. Advice on avoid-
ing and managing temperature-related deaths could be distrib-
uted via the media. Further individual level studies collecting 
clinic, behavioral, and demographic data may help elucidate 
which subgroups are likely to be the most vulnerable, and to 
clarify the role of adaptive measures such as air condition-
ing.45 Doctors would then be able to give evidence-based 
advice to their CVD patients.
Climate change will create more stress on health sys-
tems through increased frequency and intensity of heat 
waves.2,4,32 Health systems can be challenged when they 
strive to achieve maximum coverage of the population. 
Therefore, health service delivery needs to be assured 
during extreme heat events. Hospitals and emergency 
departments may adapt their procedures to meet the added 
demands, such as reducing elective services to free-up staff 
and beds, and treating patients in nontraditional locations.46 
However, in the long run, reducing climate change-related 
years of life lost for CVD deaths has to be achieved through 
improved responses that come from integrating the emer-
gency preparedness and disaster risk reduction throughout 
society.47,48
Strengths and Limitations
To the best of our knowledge, this is the first study to examine 
the effects of temperature on years of life lost for CVD deaths. 
Our 2-stage approach also allows a more accurate estimation 
of temperature effects by making a distinction between effects 
from independent daily temperatures and from the duration of 
prolonged extreme temperatures. Several sensitivity analyses 
confirmed that our main conclusions were robust to changes in 
the model’s specification.
The study has some limitations. First, the data were lim-
ited to one city, which makes our results hard to generalize to 
other communities. The associations between temperature and 
years of life lost due to CVD are likely to be different for other 
geographic locations as a result of population acclimatization 
and sociodemographic differences. Second, temperature mea-
sures collected from 1 monitoring station may not represent 
individual exposures, creating a potential misclassification 
of exposure for those persons who died far from the station. 
Third, we have only considered the deaths where CVD was 
the underlying cause. However, to see whether people with 
CVD are more susceptible to extreme temperatures, we would 
need to separately investigate people with and without preex-
isting CVD.
Conclusions
This study shows evidence that ambient temperature is associ-
ated with years of life lost due to CVD in a subtropical city in 
Australia. We also found significant added effects from pro-
longed extreme heat events. To reduce the temperature-related 
years of life lost for CVD deaths, research on specific inter-
ventions are needed.
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